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ABSTRACT

CHARACTERIZATION OFBRUCELLA INFECTION IN RUMINANT HOSTS: DISEASE PATHOGENESIS,

IMMUNOLOGY, AND EPIDEMIOLOGY

Brucellosis is one of the most common zoonotic diseases worldwide,ndiéméc disease areas in the
Middle East, Mediterranean Basin, Central Asia, Africa, and Central and South AnRisease is caused by
various species of the gram negative bactrnaella. Infection in humans results primarily from contact with
infected livestock or consumption of contaminated livestock products; catd#,raminants, and swine are the
primary reservoir hostsAlthough theBrucella bacterium was discovered over a century ago, control of disease
remains a major challenge in many areas worldwide. Research on thigguakttas mostly been conducted in
mouse models, which are naturally resistant to infection. Little is knowhedmmune response of natural

ruminant hosts t®rucella infection.

Here we report an epidemiological study of brucellosis in Mongolia, as wetl agperimental infection
study ofpregnant goats with two strainsBfmelitensis— 16M, a fully virulent strain, and Rev. 1, a reduced
virulence vaccine strain. Design of the experimental infection studynflasriced by findings from field research
in an endemic disease region. The objectives of the experimental chatlashgevere to characterize clinical
disease, shedding, and tissue burdens in infected animals. The deliolare response was then compared in
animals infected with the twB. melitensis strains with the aim of identifying components of the protectiveoresgp
induced by the Rev. 1 vaccine strain and deficits in the immune spticited by infection with viruler.

melitensis 16 M.

A fluorescence polarization assay was utilized to identify antibodies in milkesapd estimate the
proportion ofBrucella positive cattle, yak, and hybrids in three regions of Mongolia. Addiiprprevalence of
brucellosis in herd owners was assessed via questiontafoemation was also collected from herd owners
regarding animal husbandry practices and herd health in order to idedifiglual-and herd-level characteristics
that are predictive for brucellosig.he study indicates that brucellosis remains endemic in cattle, yak, andsybrid

within Bulgan and Khuvsgul provinces of Mongolia despite a national conmtsgtgam. Herd level prevalence was



determined to be 10.4% in the 77 herds tested. High levels of human diseasdso reported. Results of the
study indicate that the Mongolian brucellosis control program must be criisallyated if the national goal of

obtaining brucellosis-free status by 2021 is to be realized.

In an experimental challenge study, pregnant does infectedwitditensis 16M at midgestation had an
86% abortion rate, while no Rev. 1-infected does aborted. Fetal infectiorag@% and 43% in kids of 16M-
and Rev. 1-infected does, respectively. Widespread tissue colonization was ridi@ébinfl6M-infected does
and all of these animals shed brucellae in milk and vaginal secretidastidn in does inoculated with Rev. 1 was
more variable with only one animal showing generalized infection and colonizatievels similar to that of 16M-
infected animals. Other Rev. 1l-innoculated animals showed low levels binflecdion and shedding. Here we
report the first isolation dB. melitensis from muscle tissue of experimentally infected godfilk was also found to
pose a significant public health risk with thiE&\-infected animals consistently shedding brucellae at levels®of 10

— 10" CFU/ml over the four days on which samples were collected postpartum.

Despite the clear differences in clinical disease resulting from infectionheitfwb strains oB.
melitensis, protective versus deficient components of the immune response elicitezsbytwio strains remain
undefined. A pro-inflammatory response characterized by increaseminarytes, monocytes, and CD4
lymphocytes was identified by flow cytometric analysis of bloothfdM-infected does. In comparison cell
numbers remained consistent with pre-infection levels in R@wodulated animalsLimited production of IFN¢
and low level expression of the CD25 activation marker indicate a potentigicasiate of CD4T cells inB.
melitensis-infected goats. Increased numbers of Fpreducing WC1* gamma-delta T cells at 28 days post-
infection in Rev. 1-inoculated goats in comparison to 16M-infected animatssuggest a role of this cell type in

the protective response elicited by the Rev. 1 vaccine strain.

The research presented in this dissertation builds upon current knowldglgeeabfa epidemiology,
pathogenesis, and immunology in natural ruminant hosts. Thepravides a strong framework from which
further comparative investigations of immune response to virBlamelitensis and the reduced virulen@&

melitensis vaccine strain, Rev. 1, can be conducted with the ultimate goal ofrdgfiamponents of a protective



versus deficient responseBoucella in a natural hostThis will ultimately aid in development of improved

vaccines facilitating control of disease in endemic areas like Mongolia.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1) Introduction

Brucellosis is one of the most common zoonotic diseases worldwide (R#jppa2006). Caused by gram
negative bacteria of the genBeaucella, brucellosis is predominately a disease of domestic animals; hovtéser,
highly transmissible to humans. Cattle, small ruminants, and pigsrareg the primary hosts. Disease in these
animals is characterized by abortion, orchitis, and chronic shedding of battansns are typically infected by
consumption of unpasteurized dairy products or through occupationabegp@ome species of brucele
extremely infectious with as few as 10 organisms capable of calise@se in humans (Godfraétal., 2011).
Also known as undulant or Malta fever, acute brucellosis in hursastsaracterized by recurrent febrile episodes,
profuse sweating, anorexia, fatigue, and arthralgia. A diseasengfous manifestations, any organ system can be
affected by hematogenous spread of bacteria, leading to the developheilitsfting complicationsWithout
proper treatment, chronic or latent infections can develop. Signs of dissage30 years after infection have been
documented (Ogrediet al., 2010). This together with the granulomatous nature of lesessaisulted in the

comparison of the disease to tuberculosis (Pagpms 2005 Sanjuan-Jimeneet al., 2013).

An estimated 500,000 new cases of brucellosis are diagnosed in humans/anrakaiig this disease the
most common bacterial zoonosis worlde/{iPappat al., 2006). Reported brucellosis incidenbewever,
represents a great underestimate of true disease burden with an averdg®oé case in 26 being reported (Araj,
1999. The scarcity of reported cases is likely explained by a lack of sufficéatthicare in many regions with
endemic disease, as well as challenges associated with diagnosis of disebsaic in the Middle East,
Mediterranean Basin, Central Asia, and parts of Africa and South and QGemidta, brucellosis affects the
world’s poorest populations. Brucellosis has major health and socioeconomic effects worldwittesignificant
impacts directly on human health as well as on the productivityestiiek that serve as tegpeople’s main source
of subsistenceln a study of over 75 diseases affecting livestock, brucellossietermined to be one of the 10

most important in terms of impact on impoverished people (Perry)2002

By no means an emerging disease, studies have shown that amdpleimals have been affected by

brucellosis since the beginning of early civilization. Bacteria resembfimggllaechave been found in skeletal

1



remains and carbonized cheeses from the Roman era (Capasso, 20Q2i; krsibns discovered in vertebrae from
an ancestral hominjdustralopithecus, are consistent with brucellosis (D'Anastaatial., 2009). If the lesions in
this 2.5 million year old ancestral human are imteeesult oBrucella infection brucellosisvould be the first
recognized infectious disease in humabgspite advances in veterinary and human healthcare, brucellosis remains
an important disease worldwide. Brucellosis has not attracted the research iaeidlfiegaources that other global
diseases such as malaria, HIV, and tuberculosis have drawn. In tlE$serelosis has been classifiecaas
“neglected disease” by the World Health Organization (WHOMany impoverished nations lack the resources to
establish control programs, and brucellosis remains endemic in ritfehdeveloping world While some

industrial countries have successfully eradicated the sp@cabertus, whose primary host is cattle, control®f
melitensisinfection in small ruminants has proven more difficllimong the select group of countries officially
free of bovine brucellosis are Canada, Australia, Japan, and natiootefrn Europe (Corbel, 1992uropean
Commission, 2012). The threat of re-introduction of disda®&ever, is ever present. Political and military
turmoil has led to re-emergence of brucellosis in many areas of tlitimduding the Balkan Peninsula and
Central Asia (Pappas, 2010). Disease outbreaks have also occurredldbaltbrade of livestock and infected
animal products. In addition, the role of wildlife as a reservoir for disadisestock and humans has been
recognized. After a 75 year eradication program, the United States was dieluafdbovine brucellosis in 2008
(U.S. Department of Agriculture, 2008%everal cases ®&:. abortus infection have subsequently occurred
however, due to transmission of brucellosis from infected@kv(is canadensis) to cattle in the Greater
Yellowstone Area (GYA) states of Montana, Idaho, and Wyoming (Ratyaln 2013 Higginset al., 2012) Feral
pigs @us scrofa) are also a reservoir of disease in the U.S. posing a risk to hunter as hvestock (Olsen,

2010.

Our understanding of the role of wildlife as reservoirBiafcella infection is constantly evolving. While
six classicaBrucella species have been recognized since the 1960s, over the past decade the hiinavear o
Brucella species has almost doubled (Pappas, 2010). These novel species has@diedrfrom marine mammals,
rodents, foxes, and baboons, as well as from diseased huttamscology and zoonotic threat of these new species
are only beginning to be understood. Old species, as well, are posirigraats. While previously believed to be

relatively host specific, species barrier8Btaicella infection, or what we know of them, are breaking down.



Examples of disease transmission between wildlife and livestock aeasimogly being recognized. Even fish have
been found to be infected wiBrucella, aresult of consumption of diseased livestock carcasses discarded into a
river (El-Traset al., 2010). Domestic animals are posing new threats to human healéil.aCattle infected with

B. melitensis andB. suis, species typically restricted to small ruminant and swine hosts respectivetynarging as

a major veterinary and public health problem in many areas of the (@wolifroidet al., 2011).

While progress has been made in our understandiBgueélla infection, many questions remain to be
answered if control of this disease is to finally be achieved. Bruisefiosvalence and tHérucella species
responsible for infection are unknown in many areas of the w@rdcella virulence mechanisms are still largely
undefined. Host range and species barriers to infection are not well underBlisedse ecologig rapidly
changing and must be studied as it is essential that opportunities for brtec@llag host species be reduced.
Effective vaccines for use in humans have not yet been developedisaade prevention in the human population
relies on control of disease in the animal reservoir. Veterinary vaccines, hoalsgenust be improved since
those in use are imperfect and not effective in certain domestic speciesndldiife. A prerequisite to the
development of improved vaccines and treatment strategies is study of theemesponse of different host species
to Brucella infection. This literature review outlines current understanding of the diseabatsa framework is set
to explore emerging disease problems and our research obje®&ieslla taxonomy and disease ecology,
epidemiology, hospathogen interactions, diagnostic and treatment options, and disease cortggiestraill be

discussed.

1.2) Brucella Taxonomy and Rapidly Evolving Disease Ecology
1.2a) The Six Classical Brucella Species

Bacteria of the genwBrucella were first isolated in 1887 by David Bruce. The isolates were cultured from
British soldiers stationed on the island of Malta who died of a diseas&rtbam as undulant fever. The species
isolated by Bruce was later nam@dmelitensis, and within two decades of its discovery the epidemiological link
was drawn between disease in humans and consumption ofomikrifected goats. This led to the
recommendation that all milk be boiled prior to consumption, drasticalliciegl disease incidence among the

British soldiers. The discovery of the second member of thes@g@uella was made in 1897 by Bernhard Bang.



This organism, later namedg| abortus, was isolated from cattle suffering from contagious abortion. Tiowend

brucellosisis also known as Bang’s disease today (Dalrymple-Champneys, 1950)

By the 1960’s six species of brucelldead been discovered®rucella melitensis, B. abortus, B. suis
(Huddleson, 1931RB. ovis (Buddle, 1956)B. neotomae (Stoenner & Lackman, 1957ndB. canis (Carmichael &
Bruner, 1968).Although the genus is highly homogenous with identical 16S rRBi#eét al., 2004) andecA gene
sequences (Schott al., 2008a), and displays greater tf#% homology based on DNA-DNA hybridization
studies (Vergeet al., 1985), differences in host preference and biochemical propertiesagsuthe division of the
genus into the six classicatucella species (Osterman & Moriyon, 2006Brucella melitensis, B. abortus, andB.
suis are further divided into biovar€vidence is accumulating that host specificity may not be as stringent as
previously believed. Nevertheless, the primary hosi ofelitensis are sheep and goats, whideabortus
primarily infects cattle.Brucella suis has a broader host range. The different biovars of this species aretknown
infect swine, wild boarSus scrofa), European hare_gpus capensis), reindeer Rangifer tarandus), and rodents.

Brucella melitensis, B. abortus, andB. suis are the most pathogenic in humdhable 1.1).

Table 1.1. Currently describe@®rucella species, preferred hosts, and zoonotic potential.

Species Primary host(s) Zoonotic Potential
Classical species
Brucella abortus Cattle High
Brucella melitensis Sheep, goats High
Brucella suis Swine, hare, reindeer, roden High
Brucella ovis Sheep None
Brucella canis Dogs Moderate
Brucella neotomae Desert wood rat None

Newly described specie

Brucella ceti Whales, dolphins, porpoise: Moderate?

Brucella pinnipedialis Seals Moderate?
Brucella microti Voles Unknown

Brucella inopinata Unknown Moderate?
Brucella papionis Baboon Unknown

While all members of the gen@sucella are small, gram negative coccobacilli and facultative intracellular
organismsbrucellae differ in their antigenic componenBrucella species are divided into smooth (S) and rough

(R) strains. Natural virulent field strains Bf melitensis, B. abortus, B. suis, andB. nectomae are classified as



smooth strains, whilB. ovis andB. canis are naturally rough strains. This distinction refers to the steuctithe
lipopolysaccharide (LPS) in the bacterial cell wall. While S-LPS consistsad components, lipid A, core
oligosaccharide, and O-antigen, in R-LPS the O-antigen is either absedtioed to only a few sugar residues
(Corbel, 1997). Smooth strains are generally more pathogenic in bifRistig et al., 2003). Brucella canisis
typically considered to play a limited role in human disgaklbough evidence exists that the number of cases may
be underestimated (Dentinggtral., 2014 Luceroet al., 2010) Brucella ovisinfection has never been reported in

humans.

1.2b) The Nove SpeciesB. ceti and B. pinnipedialis

Recent findings of noveBrucella species in wildlife and human hosts have led to considerable changes in
Brucella taxonomy over the past deca@able 1.1). In 1994 brucellae were isolated from marine mammals
greatly expanding the genus’ ecological range. This was not an isolated report. In the year of its discovery in the
aquatic ecosystem, brucellae were isolated from four different species acraseans: a harbor se&hpca
vitulina), harbor porpoiseRhocoena phocoena), and common dolphirDe phinus delphis) in Scotland (Roset al.,
19949 and a fetus of a captive bottlenose dolphiur §iops truncatus) in California, U.S.A. (Ewalet al., 1994)
Brucellae have now been found in a diverse range of marine marmpetés (Guzman-Veret al., 2012
Hernandez-Morat al., 2013) with some populations exhibiting greater than 75% seroprevé\éatdresseneat
al., 2001). Disease manifestations in marine mammals include repradiggions (Ohishét al., 2003)
meningoencephalitis (Hernandez-Matal., 2008), pulmonary and other abscesses (Catale 2013), and
asymptomatic infections (Nymet al., 2011). Thebrucellaeisolated from marine mammals were officially
recognized in 2007 as two separate speBiesgti and B. pinnipedialis, preferentially infecting cetaceans and
pinnipeds, respectively (Fostetral., 2007). The taxonomy of marine mamrBalicella species, however, is still
tentative. Biotyping studies have revealed distinct groups within the maaimenal brucellae (Maquaet al.,
2009a Cloeckaertt al., 2011), and there are indications that they differ in pathogenicitynauns (Whatmoret
al., 2008 Maquartet al., 2009b) Three cases of naturally-acquirBdceti infection of humans have been
documented (Sohet al., 2003 McDonaldet al., 2006). Patients presented with intracerebral granulomas and spinal

osteomyelitis, severe disease manifestations not commonly seen ininfeations with the classical brucellae.



1.2¢) The Novel Species B. microti

Another noveBrucella speciesB. microti, was recognized in 2008 (Schetzal., 2008c). This species
was first isolated from the common voMi¢rotus arvalis) during an epizootic affecting the wild vole population
within a region of the Czech Republic in 192003(Hubaleket al., 2007). The voles suffered from a systemic
disease characterized by edema of the extremities, skin abscessation, arthptiadignitis, orchitis, and peritoneal
granulomas. AlthougB. suis andB. neotomae infection of rodents has been previously reported, molecular

analysis indicated that the vole isolate differed from all other krignucella species.

Brucella microti has subsequently been isolated from red foXakpés vulpes) in Austria during routine
screening of hunted animals for zoonotic disease (Sehalz 2009). Voles are a common food source of fox,
suggesting that these animals may have become exposed by ingestfentefl prey.The discovery oB. microti
in fox occurred 7 years after its initial isolation from voles and at as#tel®0 km distant. This finding expands
the geographic range Bf microti and suggests persistence of the organism in the re@itua persistence may be
due not only to the presence of animal reservoirs but also long-terives@fB. microti in the environment, a
characteristic atypical of brucellae. Soil samples collected from the Czech Republiafierette epizootic in

voles ended were found positive Brmicroti by both PCR and culture (Schalzal., 2008b).

While there are no reported case®oficroti infection in humans, its zoonotic potential is unknowine
wide distribution of its host, the common vole, across Eurasia armbtastial persistence & microti in soil also
has raised the possibility of-emergence of brucellosis in European livestock. While these questioin
unanswered, the severe systemic disease observed in voles (Hatilahlek007) as well as experimental cellular
and murine infection studies demonstrate the significant pathogeni@tyroéroti (Jimenez de Baguesal.,

2010. In human macrophage-like THP-1 cells, levels of intracellBlamicroti have been found to H©0-fold
higher than that oB. suis 1330 24 hours aftén vitro infection. Intraperitoneal inoculation of Balb/c mice wit? 10
colony forming units (CFU) oB. microti resulted in an 82% mortality rate within 4-7 days of infection. Neroth
Brucella species is known to cause mortality of wild type laboratory micdasastandard infection dosé.he
enhanced capacity for replication within macrophages and the rapid deaitte dollowing B. microti infection

may be explained by the high metabolic activity, rapid growth on atdralilture media, and increased acid



tolerance oB. microti compared to the classical brucellae (Scleol., 2008¢ Jimenez de Baguesal., 2010). In
mice that survive the acute phase of infection, howaamicroti is rapidly cleared. This suggests that mice
infected withB. microti, in comparison td. suis, either mount a stronger immune response orBhatcroti is

more susceptible to host defense mechanisms.

Whole genome sequencing and phylogenetic analysis indicat®. thadroti is ancestral to the classical
brucellae (Audict al., 2011). Brucella microti may serve as an evolutionary link between the closely related genus
Ochrobactrum, which is primarily made up of soil- and other free-liviragteria, andhe facultative intracellular
brucellae.Perhaps as the classical species became adapted to livestock hosts rather thaing fifestyle, they
lost the ability to cause acute death (as seen in murine infectionB.withroti), since this is not a favorable
characteristic for intracellular pathogens that depend on their hosts’ survival. As the classical brucellae diverged
from a potential free-living ancestor, they also likely adapted defenseaniegts to withstand the host immune
system, a quality that mdoe absent irB. microti based on macrophage and murine infection studies (Jimenez de

Baguest al., 2010).

1.2d) The Novel Species B. inopinata and other B. inopinata-like Bacteria

In 2010 anotheBrucella speciesB. inopinata, was added to the gen(Scholzet al., 2010) Currently B.
inopinata is represented by a single isolate (strain B&#)several “B. inopinata-like” bacteria that are yet to be
officially classified. Strain BOWas isolated from a breast implant infection of a woman from Portlandp®reg
(Deet al., 2008). The patient had a 5-month history of reoccurring featbgrgy, myalgias, and breast swelling but
denied any common risk factors associated with brucelldstdecular analysis of bacteria cultured from the breast
implant demonstrated that the isolate clearly belonged to the Beneetla based on DNA-DNA hybridization
results and 16S rRNA gene sequence similaritit¥sicella inopinata is genetically distinct from all other brucellae,
however. Other members of the genus have identical 16S rRNreahdequences, and strain BO1 is
characterized by 16S anecA sequences differing in five and seven nucleotides, respectively, HieoBnucella
consensus sequences. In some vBaysopinata strain BO1 is similar t®. microti, displaying a highly active
metabolism and rapid growth on standard media. With these growthtehistaxs and no known animal reservoir,

this raises the question of whetliBerinopinata is a soil microbe and an opportunistic pathqgenentially likeB.



microti and the distantly relate@chrobactrum species. Experimental infection studies in mice and macrophage cell
lines indicate that in terms of pathogenidityinopinata behaves more like the classical brucellae Budicroti

than the opportunistic pathogens of the gebetwobactrum. In murine infection models, strain BO1 actually

persists in the spleen and liver at higher levels than the classical brucejzestsg the ability to establish chronic
infection (Jimenez de Baguetsal., 2014). In terms of mortality, however, strain BO1 behaves moreBikaicroti

with high mortality rates observed in C57BL/6 and CD1 mice.

Another case of human disease has been attributeB. tmepinata-like isolate. Strain BO2 was isolated
from a lung biopsy of a 52-year-old man with chronic destructieaimonia in Australia (Tilleet al., 2010b).
Again the patient denied any risk factors typically associatedBritbella infection. Of potential interest, however,
the patient lived in Oregon as a young adult, at which time he sufferadifier failure and severe pneumonia of
unknown etiology. While the patient’s symptoms were treated by multiple courses of antibiotic therapy, he reported
two decades later in Australia with chronic destructive pneumonia, from whiclaimeragovered with an extended
course of antimicrobial treatment. Isolates taken from a lung biopsig @moist recent presentation were identified
to belong to the genwBrucella based on biochemical profiles and molecular analysis. The isolate, strain B2, wa
determined to have 100% sequence homology with the 16S rRNA sequéhdpopfnata strain BO1; however,
therecA sequence of BO2 was more similar to the consensus sequencelagslieal brucellae than to thati&f
inopinata BO1. While the sources of infection remains undefined, the isolation ofistBD1 and BO2

demonstrate that novBrucella strains are capable of causing significant disease in humans.

Sequence similarities between strains BO1 and BO2 and bruisellated from Australian rodents suggest
that rodents may be reservoirs Ririnopinata-like organisms and a potential source of infection for humans.
During the 1960s and 1980s, routine surveys of wild roderisistralia resulted in the isolation of BBucella
strains, most of which were originally classified as atypicalis. Advances in molecular typing technologies
allowed for reanalysis of these rodent isolates (Téled., 2010a). They were found to have a 16S rRNA
nucleotide sequence distinct from the consensus sequence of the cBrsed species indicating that they are
more closely related . inopinata thanB. suis. Similaritiesin sequences that encode outer membrane proteins

omp2a/2has well as similarities it5711 insertion sequence profiles between the rodent and human strains, al



support classification of the Australian rodent isolates into a lineaBeiodpinata. Thus, three rodent-specific

Brucella species have now been identifieB: neotomae, B. microti, andB. inopinata-like strains.

Most recently, isolates from frogs have been addele rapidly expanding. inopinata lineage
(Eisenberget al., 2012 Fischeret al., 2012) This represents one of the first descriptionBrafcella infectionin
non-mammalian hosts, expanding our current understanding efohagical range of the genBsucella. These
novel amphibiamBrucella strains were isolated from wild-caught African bullfro§yxicephalus edulis) found dead
in the quarantine unit of a German zoo, as well as from a big-eyed trekdpbgpelis vermiculatus) with
subcutaneouslscesses that was bought in a German pet shbp.16S rRNA sequences of the isolates had 100%

and 99.8% sequence homology with the 16S rRNA sequerigdradpinata.

1.2e) The Novel Species B. papionis

The most recent organism to be added to the gemugpapionis (Whatmoreet al., 2014), bringing the
number of recognizeBrucella species to eleven with five new species described in the past décédiel.1).
Brucella papionisinfection has been associated with two cases of stillbirth and retained pladasit@ons Papio
spp.) (Schlabritz-Loutsevitatt al., 2009). The isolates were from cervical and uterine swabs from tvembsbone
wild-caught, one colony-born, at a primate research center in Texas, USA folstlisigth in 2006. Phenotypic
characterization of the isolates showed slow growth and limited metabolic itgastiwilar to the classical
brucellae rather than recently descrilBednicroti andB. inopinata. Sequencing of 16S rRNA demonstrated that the
baboon isolates clearly belonged to the geBrusella. The 16S rRNA sequence of the baboon isolatesatadp
difference from the consensus sequence shared by all brucellae Bxiceptnata. The natural host of this new

Brucella species and its zoonotic potential remain to be defined.

1.2f) TheClassical Speciesin New Hosts: B. melitensis Infection of Cattle

With five newBrucella species officially recognized since 2007 and several additional isolates pending
classification, what is known @&rucella disease ecology is rapidly changinigis not just the novel species,
however, that are contributing to our evolving knowledgBrotella disease ecology. The classiBalcella

species are being discovered in new host species, both domestic anddvéce @osing new threats to animal and



human healthCattle, for example, are no longer exclusively considered a souBaladrtusinfection. Cases of

cross-infection withB. melitensis andB. suis are increasingly being documented.

In southern Europe, northern Africa, and the Middle East in partidilamlitensis infection of cattle is an
emerging veterinary and public health problem (Corbel, 1G@dfroidet al., 2011) Case reports d8. melitensis
outbreaks in cattle have been reported in Spain (Aharalz, 2011), France (Verget al., 1989 Mailles et al.,
2012, the United States (Kahler, 2000), Israel (Shimshony, ,18&ai, 2002), Saudi Arabia (Radweral., 1993)
Egypt (Samahat al., 2008 Holt et al., 2011 Warethet al., 2014b), Kenya (Muendet al., 2012), and China (Jiang
etal., 2013). In many countries of the Near E8simelitensisis the most common speciesBrlcella isolated
from all hosts, including small ruminants, cattle, buffalo, and cafRelfai, 2002) As more epidemiological typing
studies are carried o, melitensis infection in cattle will likely be found to be commonplace in other regain
the world as well. Outbreaks are typically associated with the presence tédndemall ruminants in the
surrounding area. Although the routes of disease transmissigedresmall ruminants and cattle and the dose
necessary to establish infection in cattle are unknown, field reports sugg&strielitensisis easily introduced
into the cattle population. In regions in which animal movement is not weliodled or shared pastureland is
present, cross-species infectiorBofnelitensisis widespread (Samaletal., 2008 Muendoet al., 2012). These
conditions are ubiquitous in many impoverished areas of the worldedim& nomadic herding practices.
Outbreaks oB. mdlitensisin cattle are difficult to detect since abortion storms typically do not occuafédet al.,
2011, Banai, 2002). Control of outbreaks is also complicated by a lack afiedge on the epidemiology &

melitensis infection in this host and absence of an effective vaccine.

1.2g) TheClassical Speciesin New Hosts: B. suisInfection of Cattle and B. abortus I nfection of Feral Swine
Brucella suis infection in cattle is also increasingly becoming a public health concerrir@@bet al.,

201). In some areas within South America and Mexico, cattle, rather than pigse grettominant source &f

suisbiovar 1 infection in humans (Corbel, 199 Disease transmission between feral swine, wild boar, domestic

pigs, and cattle is also complicating disease control efforts in the United Giatege, and Australia. In the

southern United States, for examesuis biovar linfection is prevalent in feral swine and these animals have

transmitted infection not only to domestic pigs, but atscattle (Ewaltet al., 1997)

10



In a study that followed six cows naturally infected viBttsuis biovar 1 (via potential contact with
Brucella positive feral swine in Florida) and subsequently housed with uninfewteevaccinated pregnant
controls, no transmission to calves or control cattle was observed @w@alaltl997). This indicates thBt suis
causes a honcontagious disease condition in cattle and, thus, cattle cannotreaimteaance hosts f@&. suis.
Shedding oB. suisin milk of infected cows was observed, however, demonstratingubkc health risk of this

spill-over infection.

Brucellosis has been eradicated from domesticated swine and cattle in thentUf8rabpigs threaten
states’ disease free status. This problem will likely grow due to the expanding range of feral pigess the United
States. Resident feral pig populations are now reportg8 states (Olsen, 2010), with brucellosis reported in feral
swine in at least 13 states (Pedergaai., 2012) Brucella suis-infected feral swine are also a direct disease risk to
hunters; three cases of human infection were reported in patients participatieghunting and butchering of feral

pigs in Florida (Center for Disease Control, 2009).

To further complicate the ecology of brucellosis infection among fesiaksand cattlea recent study
suggests feral pigs may also be reservoi. abortus infection. Widespread infection within a feral swine herd in
South Carolina withB. suisand both field and vaccine strainsBfabortus was discovered, despite the lack of
contact between cattle and these swine for 80grears (Stoffregent al., 2007). Brucella abortus has also been
isolated from a feral pig in southeastern Texa@kis pig may be the source of an outbreaB.adbortus in a beef
cattle herd in the same area of Texas in 2011 based on molecular analydie ahdaswine isolates (Higgiesal.,
2012. ltis also possible that disease transmission occurred in the opposite dirBaapite these recent findings,
B. abortus infection of feral swine does not appear to be widespread. PCR antgjeg of Brucella isolated from

21 feral pigs across 7 states indicated that all isolatesRveugs (Pedersest al., 2014).

1.2h) Brucella abortusin Wildlife: Bison and Elk
Feral swine are not the only threat to the re-emergence of brucellosiéarircthe United StatesB.
abortus infection is enzootic in bisorB{son bison) and elk within the Greater Yellowstone Area (GYA) of

Montana, Wyoming, and Idaho. Since 2002, brucellosis has le¢ectedd in 17 beef cattle and ranched bison herds
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in the GYA (Rhyaret al., 2013). All cases of brucellosis in livestock in this area have &téuted to
transmission from elk based on molecular analyses of isolates (Rtglar2013 Higginset al., 2012).
Seroprevalence levels in bison are reported to be about 65% and have reaiativedly constant over the past two
decades (Scurlock & Edwards, 2010). Approximately half of the esitbpe bison sampled in one study were
culture positive; the discrepancy in test results likely being due to lowfterdundetectable tissue burden in
chronically infected animals (Roffa al., 1999). Bison function as maintenance host8f@bortusin the GYA.
Their gregarious herd structure naturally allows for transmission®t@ntcur especially at the time of calving
(Scurlock & Edwards, 2010). In contraBt,abortusinfection in elk was not believed to be self-sustaining. Elk
prefer to calve in seclusion, naturally limiting transmission eveMisny elk herds within the GYA, however, are
supplementally fed during the winter, leading to artificially high dessitf elk during calving periods. This has
allowed brucellosis to be maintained within these fed elk herds at a leveBOPR2{Crosst al., 201Q Scurlock &
Edwards, 2010). Unfed elk within the GYA in comparison traditiortadlg seroprevalence levels of 2-3% (Creiss
al., 201Q Scurlock & Edwards, 2010). Over the past decade, however, brucelisdietome more prevalent in
these unfed herds approaching levels of 10-20% in some areas. Thisitha@gégen attributed to recovering elk
populations and higher densities of elk congregating during calvingre@@ssst al., 2010). The trend is
worrisome since it suggests that free-ranging elk are now functiasingpintenance hosts rabortus. Despite
the higher prevalence of brucellosis in bison compared to elk, elk aeclik@ly to share pastureland with
livestock. The recent increaseBnucella seroprevalence rates among elk coincides with an increase in transmission
events from wildlife to livestock. From 1990-2002, no known saddorucellosis occurred in livestock within the
GYA (Rhyanet al., 2013). From 2002012 17 livestock herds tested positive. Management strategies are limited
given the challenges associated with keeping elk spatially apart from livestdgoor efficacy of brucellosis

vaccines in elk.

1.2i) Sustainable Versus Spill-Over Infection
An important consideration in regards to brucellosis in wildlife and rexitional host species is whether
the infection is sustainable or simply a spill-over infection (Gadfebal., 2013). Feral pigs are reservoirsBof

suis biovar 1, while bison and elk are reservoir8o&bortus in the United StatesBrucella infection is sustained in
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these species in the absence of continuous spill-over from domestic gigatte. Feral pigs may also be

maintenance hosts 8t abortusinfection (Stoffregeret al., 2007)

Further studies are necessary to determine whether cattle can serve as narteses foBrucella
species other thaB. abortus. Brucella melitensisinfection of cattle seems to occur almost exclusively in regions of
high disease prevalence in small ruminants; however, it is unknown whistheaicteria can be maintained and
transmitted within cattle herds without continuous spill-over from goatslaeep.As described above, a pilot
study performed by Ewalil@97) suggests cattle are unable to serve as maintenance hBstsisf Ewalt was
unable to isolat8rucella from vaginal swabs, blood, or placenta of infected cows andadidbserve transmission

to non-infected co-housed controls over a two year period.

Establishing the role that host species plarincella ecology will greatly impact disease control strategies
(Godfroidet al., 2005). The ability of an animal population to serve as a reservoir of infection depetdnly on
the hat species’ inherent susceptibility to infection but also on ecological factors. As the current circumstances
with free-ranging elk in the GYA illustrate, population density pysmportant role in disease transmission
especially during calving season when potentially infectious fetal materiagsisrg in the environment. Shrinking
wildlife habitats, recovering wildlife populations, and certain management degisiatsas the creation of animal

feeding grounds, are causiBgucella infection to become more prevalent in some wildlife populations.

1.2j) Other Wildlife Hosts

While feral pigs, elk, and bison are the primary wildlife reservoirguédilosis in the United States,
brucellaeare known to infect approximately 80 other wildlife species (Stoffregah, 2007) Brucellae belonging
to the six classical species have been isolated from musk@x#og moschatus), moose Alces alces), reindeey
caribou Rangifer tarandus caribou), white tailed deer@doncoileus virginianus), roe deerCapreolus capreolus),
bighorn sheepQvis canadensis), chamois Rupicapra rupicapra), ibex (Capra ibex), takin Budorcas taxicolor),
African buffalo Syncerus caffer), impala Aepyceros melampus), waterbuck Kobus elipsiprymnus), fox, raccoon
(Procyon lotor), opossumDidelphisvirginiana), European hare, and capybarydrochaeris hydrochaeris)

(Godfroid, 2002Nymo et al., 2011, Kreegeret al., 2004). Many other species have been found seropositive. The
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presence of anrucella antibodies, however, only suggests exposure to brucellae; antibadidsera result of
infection and subsequent self-limiting disease. Some carnivores, fapkxdave shown transient titers apparently
due to consumption of infected prey (Tessaro & Forbes, 200#se animals are likely only dead-end hosts in

areas where brucellosis is enzootic and probably do not play a rokespréad of disease.

Brucella abortus andB. suis are the classic@rucella species most commonly isolated from wildlife hosts
Sustainable reservoirs of infection #rabortus include bison, elk, and potentialferal pigs in North America
(Stoffregenet al., 2007) and buffalo in Africa (Madsen & Anderson, 19980aintenance hosts &:. suisinclude
feral pigs and wild boar in North America, Europe, and Australia, harerwpg and potentially armadillos
(Chaetophractus villosus) in South America (Kiret al., 2014) Surprisingly, despite its high virulence in humaBs
melitensisis not known to have a wide ecological range in wildliBeucella melitensis has been isolated from ibex
(Ferroglioet al., 1998 Mick et al., 2014) and chamois (Garin-Bastejial., 1990) in France and lItaly, Iberian wild
goat in SpainCapra pyrenaica) (Munozet al., 2010) Arabian oryx QOryx leucoryx) in Saudi Arabia (Ostrowslet
al., 2002) and takin in China (Luet al., 2012) Significant disease, including anorexia, blindness, polyarthritis,
and orchitis, has been reported in several cases. While most of theBerinfare likely due to spill-over from
livestock, there is recent evidence that ibex may be a resenBineditensisin southern France (Micét al.,

2014. The ibex population in this region has a 45% seroprevalence rate desplisghee of an infectious source
in domestic ruminants for the past 15 years. Molecular analyses indizttieefB. melitensis biovar 3 strain

currently circulating in the ibex populatigmsimilar to historic livestock isolates as well as isolates from cattle and
humansn a 2012 outbreak that occurred in the area. This represents the firsofdpanelitensis spillover from
wildlife to livestock. In regards to the other classical brucellae, the naturally occurring roegiespare more host
specific. There have been isolated report8.ahnis infection in asymptomatic cattle (Baekal., 2012), and

farmed red deeiQervus elaphus) in New Zealand are sustainable reservoirB.alvis (Ridler et al., 2000). There is

some evidence th& ovis may also infect bighorn sheep (McColl@tral., 2013).

1.2k) Brucellosisin Non-Mammalian Hosts
An additional wildlife species has recently been found to be infectedBaitialitensis; high levels oB.

melitensis infection were discovered in catfisGl@rias gariepinus) in Egypt El-Traset al., 2010). Carcasses of
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infected cattle and small ruminants illegally discarded anriver are believed to be the source of infection. This
finding expands the host range of the clasdicatella species to that of nomammalian species and identifies a
potential new source of zoonotic infection. As described above, atypical brunehad. inopinata lineage have

also been isolated from non-mammalian hosts (Eisergbatg 2012 Fischeret al., 2012)

Our knowledge oBrucella disease ecology is thus rapidly evolving. With each nBueadella species
discovered, the global distribution and host range of infection expandscladsical species are meanwhile rapidly
adapting to a changing environment, challenging the characteristic hgstresstriction of this genus. New

domestic and wildlife hosts are increasingly being identified in both the terresti@iquatic environments.

1.3) Global Distribution of Brucellosisin Humansand Livestock

Brucellosis is the most common zoonotic infection worldwide with mae 890,000 people diagnosed
each year. In livestock, the global disease burden is also immenseseDsseademic in the Middle East, the
Balkan Peninsula, Central Asia, and regions of Africa and Latin Am€Fraale 1.2). The global distribution of
brucellosis in humans has most recently been reviewed by Rai@bz2013), Dearet al. (2012), and Pappasal.
(2006). Official reports of human cases, as well as cases in livestock, areadlsiol@irom the World

Organization for Animal Health (OIE) in a database searchable by country (http:@ewmt/hs2). Unfortunately

the OIE statistics currently available are from 2004, and since primariliv@gsscquired national data are
reported, true disease burden is greatly underestimated in most caisesndEhestimation is due &dack of access
to quality healthcare in many endemic areas, the non-specific naturgcefibsis in humans, and frequent
misdiagnosis. In Africa, for example, brucellosis is frequentidiagnosed as malaria (Crureal., 2013)

Studies incorporating active surveillance of acute febrile iliness and followrafogy generally provide the most
accurate determination of human disease prevalence. An analysisrbgt Be42012) illustrates that caution must
be taken while interpreting disease incidence data; in a comparison of vauidies sf human brucellosis in Egypt,
an active surveillance study estimated disease incidence at 70 cases [ p86pde. Only 5% of these cases
were identified by hospital-based surveillance and less than 0.5% were lgffiefdrted by the Ministry of Health.
Unfortunately major gaps exist worldwide in the data available from activeibance studies in humans and

livestock The epidemiology of human brucellosis has changed considerabltheveast 20 years and this must
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also be taken into account when interpreting older studies. Implemertthitiational disease control programs,
changing socioeconomic conditions, and political unrest have all impactllbsis prevalence in recent years
(Pappat al., 2006). Lastly, most studies published on human and animal diseaaéepce are based entirely on
the results of serological assays. Since serological tests are unable totidiftebetweeBrucella species, the

lack of culture- and molecular- based studies has resulted in an inebdigyermine the origin of infection in
humans and animals and subsequently the failure to plan appropriase disefxol strategies (Godfradtial.,

2013. These limitations must all be taken into account when considering the égnbpoal data reviewed below.

Table1.2. Examples of incidence rates of human brucellosis reported in variousiesur@ountries with
incidence rates above 10/100,000 are considered endemic disease areas.

Incidence per 100,000 Countries
population
<1 USA, Canada, UK, Germany, France,
Israel (Jewish population), Australia
1-10 Israel (Arab population)
10- 50 Polynesia, GreeceChad
50-100 Egypt, Kyrgyzstan
100- 200 Iran, Syria
200- 300 Iraq

“Incidence data are sub-national.

1.3a) North America

In the U.S. brucellosis eradication efforts began in 1934 at which timereeatgnce in cattle was 11.5%
(Ragan, 2002). Brucellosis has sieen eradicated from cattle and domestic pigs in the country, although
occasional cases 8f abortus andB. suisinfection still occur due to spillover from wildlife reservoirs (U.S.
Department of Agriculture, 200&hyanet al., 2013). Canada has also eradicated bovine brucellosis, and although
brucellosis persists in bison reservoirs, the situation differs fhatin the U.S. The infected bison inhabit northern
Alberta and the Northwest Territories, and due to spatial separation from livasamsknission events to cattle

have not been repedto date (Paret al., 2012)

Brucellosis in sheep due B ovisinfection is likely endemic in the U.S. A study of rams in Colorado
Utah, and Wyoming performed from 2000-2007 found seroprevatatee of 10% (Van Metret al., 2012)

Brucella melitensis infection of small ruminants has never been endemic in the country.
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Human brucellosis cases in the U.S. have been reduced from oven@®1b (Troyet al., 2005) to 116
in 2004 (OIE, http://www.oie.int/hs2/). The current inciderate is 0.020.09 per 100,0000eanet al., 2012)
although it is estimated that only 3.5-10% of infections in the U.S. are detedtegpanted (Trowt al., 2005).
California and Texas account for 50-60% of the cases with risk factarddotion including Hispanic ethnicity and

ingestion of unpasteurized dairy products, namely soft cheeses importetfi&xico where brucellosis is endemic.

While recent epidemiological studies are lackiBgnelitensis has traditionally been the primary cause of
human infection in Mexico (Luceret al., 2008) A relative increase iB. abortus cases in the Hispanic population
of San Diego, California, however, may suggest increased circulatiors 8f titella species in Mexico (Trogt al.,
2005. Passively collected surveillance data indicate that 2000 people tested positivedétiobisiwithin Mexico
in 2008 (Oseguera Montiet al., 2013). Actual disease incidence is likely considerably hibeanet al., 2012)
Although a caprine brucellosis control program has been in place in Merom 1971, disease prevalence in goats
remains high. A recent cross-sectional surveillance study in goais wito Mexican states found individual and

flock level prevalences of 19% and 71%, respectively (Oseguera Metrdlg|2013).

Within Central AmericaB. melitensisis prevalent only in Guatemala; however, bovine and swine
brucellosis are widespread throughout the region (Moreno, 2082}lata are available on prevalence rates in
swine, goats, sheep, or dogs. Data are also limited on cases in hifnewedence in cattle is estimated at 4-8%
with 10-25% of herds infectedSporadic control programs in Central American countries have been unsuicaess

reducing the prevalence of brucellosis.

1.3b) South America

Brucellosis remains a major zoonosis in South America, although seletties such as Uruguay and
Chile have nearly achieved disease-free status. Both countries fulbcesadicatedB. melitensis andB. suis, and
prevalence in cattle is well below 1% (Azmaal., 2014). Brucellosis is endemic in Argentina with 2.1% of
individual cattle and 12.4% of beef herds infected. While prevalence in sypoerly understood. suisis more
commonly isolated from human patients in Argentina tBaabortus (Aznaret al., 2014 Luceroet al., 2008).

Cattle may also be a sourceBfsuis infection (Corbel, 1997)In Brazil, B. abortusis more prevalent thal. suis,
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with B. ovis andB. canis also presentBrucella melitensis has never been isolated in Brazil. Prevalence of bovine
brucellosis is quite variable, with 0.3% of herds infected in the sodtd Hb of herds seropositive in central Brazil
(Aznaret al., 2014 Borbaet al., 2013). In Ecuador, two recent active surveillance studies of human, bavide,
caprine brucellosis indicate seroprevalence rates of 1.9% in humans (4 l&¥ginterhouse workers), 7.2% in

cattle, and 17.8% in goats (8-9% of goats culture positive) (Ron-Retahn2014 Poulseret al., 2014).

1.3c) Europe

Brucellosis is declining in the European Union (EU) with 352 &miicases reported by member states in
2011(European Food Safety Authority, 2013)f the officially reported cases in 2011, 80% were from Greece,
Italy, Portugal, and Spain where brucellosis remains endeBnieella melitensisis of greatest concern in these
countries. The number of officially reported cases in the EU is likely & gimearestimation of actual disease
burden. For example, the European Food and Safety Auth@@ityd(reported the annual incidence of disease in
Greece in 2014t 0.81 cases per 100,000 people. Sub-national data collected in Central Gnee2ed8 to 2005

indicate a disease incidence of 32.5 per 100,000 (Mirgls 2007).

Approximately half of EU member states are officidilyabortus andB. melitensis free. Among the
brucellosis free countries are the Scandinavian countries and Germanlyumiih cases in these countries
occasionally diagnosed in immigrants from Turkey and other bretekbmdemic areas (Papmhsl., 2006
European Commission, 2012). Northern Ireland will be the most recamirgdo be declared free of bovine
brucellosis, making the entire United Kingdom disease #6&5. France achieved eradication®fabortus and
B. melitensisin 2003, although a localized outbreak in cattle and humans occu26dras a result of spill-over
from wildlife (Garin-Bastujiet al., 1990). Spain, Portugal, and Italy continue to make progress tewaditation
of brucellosis in cattle and small ruminants (European Food Safety Autt#fX13 Manciniet al., 2014). In
addition toB. abortus andB. melitensis, B. suis biovar 2 occasionally infects livestock in the European Union. Wild
boars and hare serve as reservoirs of infection with rare spill-over toeraial swine and cattle (Szulowskial.,
2013 Godfroid & Kasbohrer, 2002)Brucella suis biovar 2 is not zoonotic, however, in contrasBtauis biovar 1,

which is prevalent in feral swine within North and South America and Australia.
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While brucellosis is declining in the EU, it remains a major zoonosighar cegions of Europe including
the Balkan Peninsula and Turkey. Brucellosis prevalence is relatecidecmomic status within Europe.
Southeastern Europe has suffered from the Balkan war, the fall ofwtismm and economic recession (Hotez &
Gurwith, 2011). This has led to theemergence of brucellosis within Macedonia, Serbia, Albania, Bosnia and
Herzegovina, and Bulgaria among other countries in the region (Pet@ba®006 Hotez & Gurwith, 2011
Bosilkovskiet al., 201Q Cekanat al., 201Q Russoet al., 2009). Bulgaria, for example, had been declared
brucellosis-freén 1958. However, from 2008007105 human cases and 635 cases in livestock were recorded.
The re-emergence of disease was attributed to shortcomings in almatiitc system still recovering after the fall of
the Soviet Union, as well as economic instability forcing increased importatiomudlarfrom brucellosis endemic

regions like Greece and Turkey (Russal., 2009).

1.3d) Asia

The countries with the highest disease incidence rates worldwide are located\sidh however, major
gaps exist in prevalence dafae@net al., 2012 Pappa%t al., 2006). The disease is endemic in the Middle East,
republics of the former Soviet Union, Mongolia, India, and regions of 8asttAsia. While declining trends in

brucellosis have been reported in Russia, an increase in cases hapbeed in South Korea and China.

According to the most recent national-level data available, Syria has thethdggease incidence
worldwide with 160 cases per 100,000 inhabitants (Pagi@s 2006). There is evidence from a sub-national
study that prevalence in regions of Iraq may be even higher witha2 268 per 100,000 inhabitants infectBe&n
et al., 2012 Yacoubet al., 2006). A study in Iran reported 142 cases per 100,000 paoghlan apparent
association between disease in humans and consumption of dairgtprisdm cattle (Haghdoost al., 2007)

This is uniqgue among Middle Eastern countries, which primarily report hdisaase caused By melitensis. It is
unknown whether the cattle in Iran are infected \Bitimelitensis or B. abortus. In many countries in the regioB,
melitensisis commonly isolated from cattle, camels, and equids in additioregpsind goats (Refai, 2002). For
example, in Jordan 8.5% of donkeys are seropositive for braise(lbo-Shehada, 2009). In Isr&elmelitensis
outbreaks often occur in cattle kept in the proximity of smallimamts (Shimshony, 199Banai, 2002) While

Israel has made progress in controlling brucellosis over the past three deisadess, kmains endemic in ryral
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primarily Arab communities, with an incidence rate of 7.0 per 1@0i0@e Arab population compared to 0.2 per

100,000 among the Jewish population (Aetial., 2011).

Outside of the Middle East, brucellosis is also endemic in India. Prevalencesappea increasing in the
country withB. melitensis, B. abortus, B. ovis, B. suis, andB. canis all present (Renukaradhghal., 2002). Data
from India are sparse, but with the largest livestock population in tHd aod no brucellosis control program in
place, millions oBrucella positive animals are likely present (Kumar, 2010). The prevalencec#llosis in
India’s 185 million cattle is estimated to be 5-26.5% (Renukaradétya., 2002 Chand & Chhabra, 2013).
Prevalence in sheep and goats is 7.9% and 2.2% respectivel. wighitensis causing the majority of human

infections for which there is no data on disease incidence (Renukamidthy2002 Pappast al., 2006).

Brucellosis has also had a significant impact in Mongdtansidered to have the second highest incidence
of human brucellosis in the world a decade ago (Pagifshs 2006), knowledge of current disease incidence and
epidemiology in Mongolia and all of Central Asia is incompleDegnet al., 2012). Brucellosis is a re-emerging
disease in countries of the former Soviet Union and former Easternd#iiits states, such as Mongglia
Kyrgyzstan, and Tajikistan (Pappetsal., 2006 Bonfohet al., 2012 Tsendet al., 2014 Zolzayaet al., 2014)

Economic instability following the collapse of the Soviet Union in 1990 ledl&pse in veterinary care and disease
control measures (Pappetsal., 2006 Fogginet al., 2000). Regional estimates for seroprevalence of brucellosis in
Mongolia are 2.3-27.3% in humans, 6.2% in sheep, 5.2% in goats, 16.0% in2ca¥ean camels, 8.3% in horses,
and 36.4% in dogs (Tsemtlal., 2014 Zolzayaet al., 2014). These numbers are considerably higher than officially

reported data. In Kyrgyzstan 77.5 cases per 100,000 people were rép@@6d (Bonfotet al., 2012)

While high levels of animal and human brucellosis persist in théliepwof the former Soviet Union, the
Russian Federation has reported a sharp decline in bovine brucellaa®08|ronly 68rucella positive cattle
herds existed nationwide (lvaneval., 2011). Reports in the English language are scarce, howevdiraalosis

prevalence in small ruminants and humans is unknown.
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China has reported changing patterns of brucellosis in recent Bracsellosis was endemic in the 1950s-
1970s, but by the mid 1990s levels of disease in livestock fell belo@D&#iuet al., 2002 Liu et al., 2014). Over
the past decade, however, brucellosis has rapidly re-emerged, aedgnapdic distribution of the disease has
shifted from pastoral to periurban and urban ardaaditionally, brucellosis endemic regions were limited to rural
regions of western and northern China (Degjjial., 2002. Recentlydeveloped areas of southern China including
the Guangdong Province have reported drastic increases in human bisicélidGuangdong, only 51 confirmed
cases of brucellosis were repfrom 19552004 while in the subsequent 5 years a total of 112 cases were
reported. While human brucellosis is most commonly associatedBwithitensis and occasionall{. abortusin
China,B. suis has also been isolated from recent cases in Guangdong suggestfhmatshcirculating species of

Brucella (Chenet al., 2013 Jianget al., 2013).

In Southeast Asia, brucellosis is poorly studied, however, thexgdence that rates of infection are
increasing among cattle. In Malaysia, for example, despite an eradicatioamyagecent study reported 2.5%
seroprevalence rates and 21.8% herd prevalence rates in cattles{Ahka013). Similar levels of disease have

been reported in Indonesia and Thailand.

1.3e) Africa

Brucellosis is considered endemic in North Africa (Pambak, 2006) with several studies recently
published on disease prevalence in humans and livestock in Egypéet(Blol2011 Samahat al., 2008 Warethet
al., 2014h Warethet al., 2014a Samahat al., 2009). The predominaBrucella species circulating in Egyps B.
melitensis with small ruminants, cattle, buffalo, and camels all infected with this spdegtignates of disease
incidence in humans vary widely from 0.28-70.0 cases per 10(L0et al., 2012). A seroprevalence study
conducted on 100 Egyptians who worked at dairy farms or abattoird &idence of an®rucella antibodies in 5-
8% of the people sampled (Sama&hal., 2009). Foodborne brucellosis is also a concern in Egypt; Palgsenof
cow and buffalo milk sold for human consumption dete&edaella DNA in 8% of samples (Waret al., 2014b)
Estimates of the prevalence of brucellosis in Egyptian livestockwigisly (Warethet al., 2014a). Samabhei al.

(2008) determined prevalence to be 3.6-5.4% in goats, sheep, buffatatd@cdampled in 2007 with all
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identifiable isolates determined to Bemelitensis biovar 3. Holtet al. (2011) reported 11% prevalence rates in

cattle and buffalo

Less is known about the prevalence of brucellosis in sub-Saharanafricagh it is believed to be
endemic in most countries (Racletzal., 2013 Pappagt al., 2006). Brucellosis has been reported in West Africa
(Sanogcet al., 2013 Boukaryet al., 2013), Central Africalfeanet al., 2012), and East Africa (Megersagal.,

2011, Muendoet al., 2012 Crumpet al., 2013 Kundaet al., 2007), with the only organized brucellosis eradication
programs existing in southern Africa (McDermott & Arimi, 2008n a global scale sub-Saharan Africa thus may
have the largest concentration of human and animal brucellosis, a cemse@f extensive disease burden and

sheer number of people and animals on the continent (Ret@bz2013)

In sub-Saharan Africa brucellosis prevalence is best understood in cattkelimiited number of studies
conducted in small ruminant®rucella suisis believed to be prevalent in some areas of Africa but its epidemiology
is poorly understood (McDermott & Arimi, 2002). Even less is knabout brucellosis burden in the human
population. The disease is largely ignored, and most cases go wstidgmd untreated. Many brucellosis cases
are incorrectly diagnosed as malaria or typhoid fever. In a studgtiehfs presenting with fever in Tanzania,
diagnostic tests revealed that more patients actually had brucellosis than rGalampedt al., 2013). Reported
disease rates include: 35 cases annually per 100,000 in a nomadicritynmm@Ghad Deanet al., 2012) and 2-6%
prevalence in Tanzanian hospital patients with fever (Cretrap, 2013 Kundaet al., 2007). In livestock,
brucellosis prevalence has been reported to be 10.6%, 2.2%, and 1.98¢ icamel, and goats in Ethiopia
(Megersaet al., 2011) and 3.8%, 2.3%, and less than 0.5% in cattle, sheep, and goaty i(Bidigkaryet al .,

2013.

Identifying the species @rucella responsible for disease is critical for implementation of control
measures. Although there are many gaps in published biotyping studies sepbrts on the sources of human
disease in sub-Saharan Africa, there are indications that the distributiorBotitkka species differs between the
various regions of Africa. In North Afric&. melitensis predominates even in cattle and buffalo (Wagt#.,

2014h Samahat al., 2008) Both B. melitensis andB. abortus havebeen isolated from cattle in Kenya (Muerato
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al., 2012), while in West Africa and southern AfriBaabortus infection of cattle seems to predominate (Sargigo

al., 2013 Matopeet al., 2009)

Resources for disease control are extremely limited in sub-Saharan Afritathaninfectious diseases
are present that have higher mortality rates than brucellosis; thus diseaskpramities in livestock and humans
must be carefully considered in this region (McDermott & Arimi, 200bpast al., 2006, Raclozt al., 2013)
The importance of brucellosis control, however, was underscoreddiygmof a study carried out by a group in
Kenya. Of over 75 diseases affecting livestock, brucellosis was deéstma be one of the 10 most important in

terms of impact on impoverished people (Perry, 2002).

1.3f) Oceania
Australia and New Zealand are free of bovine brucellosis, with both courtpieding their last cases in

1989 (http://www.oie.int/hs2/ Brucellosis in small ruminants due Bomelitensis has never been reported in

Australia or New Zealand; howevd, ovisis a major concern. In New ZealaBdovis infects farmed red deer in
addition to sheep (Ridle al., 2000). While brucellae of zoonotic concern are absent in New ZeaPdhsl) cases

of B. suisinfection occur annually in people within Australia (http://www.oie.int/hsZéral swine are sustainable

reservoirs oB. suis biovar lin the country with a seroprevalence rate of 10.5% (Peatstn 2014), and these
animals pose significant risk to feral pig huntevghile B. suisis not endemic in commercial piggeries in Australia,
domestic swine within Polynesia have high rates of infection. Amaistd 20% of swine herds in Polynesia are
seropositive contributing to an average annual rate of human infecti®ncafses per 100,000 inhabitants. Bovine

and small ruminant brucellosis are not reported in Polynesia (Guetraier2011).

1.4) Transmission
1.4a) Within Livestock Populations

The process of transmissionBfabortus between cattle is well described in the literature (Crawébedl.,
1990, and information on this subject has changed little over recent yleassder for transmission to occur
between cattle, an infected animal must be excreting brucellae. Excretionss aehtiely limited to the time

period immediately following abortion or full-term parturition with higlimbers oB. abortus present in uterine
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fluid and within the placenta. Three factors determine the likelihbtdmsmission to susceptible animals: the
number of brucellae excreted during parturition, the survival of theserizaim the environment, and the

probabilty of a susceptible animal being exposed to enough brucellae to establish inféidsastimated that £0
CFU ofB. abortus are sufficient to induce infection in 78% of naive cattle via conjunctivadsxp (Manthei,

1968. Slightly more bacteria are likely necessary to infect animals via an otalabexposure. One gram of
placental tissue from an infected cow is estimated to contain 20-360 infedtiees (Olsen & Johnson, 2011). The
level of shedding may vary depending on a number of factorsddBiy typically decreases with each subsequent
parturition following infection (Crawfordt al., 1990) Persistence dB. abortusin the environment, and thus the
duration of time during which naive animals can be exposed tollaif&lowing a parturition event, is dependent
on environmental conditions. Survival Bfucella is enhanced by the presence of moisture and lower temperatures.
Brucella abortus can survive an estimated 180 days within a fetus in the shad®, &a$5 in water, 8-240 days in
manure, and 151-185 days in cold, moist soil. Survival in direct stidigimly 4.5 hours (Crawfore al., 1990)

The final factor determining transmission to susceptible animals, probabiégposure, depends largely on
husbandry practices. If allowed the opportunity, cattle will often investigate, smigljest placental material left
on the pasture or barn floor. The oral route is considered the pninganys by which susceptible animals are
exposed, although in intensively farmed cattle housed indoors, iiwnctival route is also likely important.

Vertical transmission is also a common route of infection. An estimated 20%vofisg calves are infecteidh

utero. Brucella-contaminated milk is another potential source of infection for calvesvi@et al., 199Q

Nicoletti, 1980).

Brucella infection in bulls can manifest as orchitis, epididymitis, and senagsculitis, and localization of
brucellae in these organs typically results in shedding in the sétoamver, when used for natural mating,
infected bulls are considered a negligible source of infection for naive @&nweella-contaminated semen is of
considerable risk to naive cows bred by artificial insemination (Crawfaid, 1990). The difference in risk may
be due to the different locations in which semen are deposited. It islpdkaifbrucellae are unable to survive

within the cervix due to the presence of antimicrobial factors (Nicoletti,)1980
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Although a minor source of exposure overall, dogs mayipiggrtant roles irB. abortus epidemiology in
some areas. Dogs are often kept on farms and if given the opipowill consume bovine placental material.
High levels ofB. abortus infection have been documented in dogs in some locations; for exammpgons of
Mongolia 36%0of dogs are seropositive (Zolzagtaal., 2014) Brucella abortus can cause abortions in pregnant
dogs, and the resulting environmental contamination has been reportededntaction of cattle kept in close

proximity (Crawfordet al., 199Q Nicoletti, 1980).

In small ruminants transmission Bf melitensisis believed to occur via the same route8aabortus
infection in cattle. The primary route of exposure is oral, tlitero transmission also playing a role. While
venereal transmission is considered to be of limited importance in #edspiB. melitensis, B. ovis is primarily
acquired via this route. vies can maintaiB. ovisin the vagina for months and serve as mechanical vectors of
infection for rams. Direct rarte-ram transmission also occurs likely via homosexual activity or orahcbwith

infected urine (Center for Food Security and Public Health, 208ileyet al., 1955).

In swine, transmission @. suis frequently occurs via both consumption of birth or abortion petedand
venereal transmission (World Organization for Animal Health, 2009c)ila8iroutes of transmission are observed
in dogs withB. canisinfection High numbers of brucellae are shed in semen and urine of infectedogale
(Carmichael & Joubert, 1988). In infected bitches abortion can resulttansioation of the environment with 0
brucellae/ml of uterine discharge, an amount equating to 500 oral infedtieas/ml.Infection of pups can also

occurin utero (Wanke, 2004Hollett, 2006).

1.4b) Zoonotic Transmission

Brucellosis is not considered a contagious disease in humans, althoeiglports of sexual transmission,
in utero infection, and nosocomial infection exist (Melteerl., 201Q Mesneret al., 2007). Except in these rare
circumstances, brucellosis is contracted via contact with infected aninmagmal products. Most cases are caused
by B. melitensis andB. abortus, with B. suis also highly zoonotic but less widespread. Disease in humans is

occasionally caused B canis and infection by this species may be underreported (Denghger 2014 Lucero

25



et al., 2010). Infection with marine mammal strains of brucellae has bagnaded in four individuals (Sotahal.,

2003 McDonaldet al., 2006).

Brucellosis is typicallyof foodborne or occupational origin. Unpasteurized cow, small ruminant, and
camel milk or milk products are most commonly associated with foodbwurcellosis. Brucellae persist in soft
cheeses, butter, and ice cream to a greattent than hard cheeses and yogurt due to the low pH of the later
products. If sufficiently cooked, muscle and organ meat from infeciiethis is not a source of human infection.

In some cultures, raw or partially cooked liver, spleen, and fetusesr@msemed, however, and these can be heavily
contaminated with brucellae (Godfratlal., 2005). Foodborne exposure is the most common route ofiarféc
travelers as well as in people of endemic countries where milk is not traditipaatsurized or boiled before
consumption.In other endemic areas unpasteurized products are not commonly conanchidthese cases
infection is primarily occupational. Herders/farmers, abattoir workeather makers, veterinarians, hunters, and
laboratory personnel can be exposed to high levels of brucellae. Infeftta occurs via inhalation or through

skin lesions.

1.5) Clinical Presentation of Brucellosis
1.5a) BovineBrucellosis

The most common clinical outcome Bfabortus infection in cattles late-term abortion or full-term birth
of weak offspring (Olsen & Tatum, 2010Abortion typically occurs only during the first parturition followgin
infection, with subsequent births often normal, although sometincesrpaniecby bacterial sheddingOne study
found 20% of cows to shed brucellae in uterine secretions at the geotundtion post-infection. Of the cows with
negative uterine fluid cultures, however, 88% still shed brucellae intaologManthei & Carter, 1950)Infection
acquired by calves at birth may be temporary or develop into latent infettiifer calves that develop latent
disease remain asymptomatic and serologically negative until first parturitidrcét tme abortion and
seroconversion are frequently observed (Wilesmith, 18i®letti, 1980) While shedding of bacteria in milk is an
obvious sequela of infection, overt signs of mastitis are not typicakept (Morgan, 1960)Quality of the milk

remains high in terms of absence of visible particles and a low leukoayte(@@nminger & Schlam, 1943)
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Osteoarticular lesions are occasionally associatedBrittella infection in cattle. There is evidence
suggesting that differences exist in the frequency of this digeasentation between different geographic locations,
potentially due to the presence of different cattle breeés abortus biotypes For example, in western Sudan
osteoarticular lesions are more commonly associatedBunittella infection; 92% of Zebu cattleBés taurus
indicus) with hygromas and 62% of Zebu cattle with arthritis were found to lo@assitive forBrucella (Musaet

al., 1990).

In bulls, orchitis is the most common disease manifestation often mabksociated seminal vesiculitis and
epididymitis. Many bulls will remain asymptomatic, and infertility is not typicallysetved (Eaglesome & Garcia,
1992 Carvalho Netat al., 2010). Brucella abortus infection of other livestock including buffalo, bison, yak, and

elk resembles infection in cattle (Olsen & Johnson, 28tdegeret al., 200Q Jacksoret al., 2014 Nicoletti, 1980).

1.5b) CaprineBrucellosis

Brucella melitensis infection in goats has been reported to closely resemble disease in cattle wfdctted
B. abortus. Sheep are more resistant to infection, and there is great variatiooéptsiity between breeds
(Alton, 1990a).Brucella melitensisis associated with late-term abortion during the first parturition posttiofec
Pregnancy can also go full-term with the birth of weak kids, iheegNected but healthy kids, or kids that escaped
infection. Infection of kids may be temporary, as development of latent infe@mmsto be rare (Alton, 1970)
Following abortion or normal birth large numbers of brucellae are excretgdaia shedding in uterine discharge
can last 2-3 months and resume at subsequent parturitions (Alton).19@ep are less likely to abort, although
breed differences likely exist. In sheep shedding in uterine fluidsisater duration and rarely reoccurs during
succeeding pregnancies. However, shedding in milk over succeedgmapcies has been observed in sheep
(Tittarelli et al., 2005). In male animals, especialig goats, orchitis appears to be a common manifestatiBn of

melitensis infection.

1.5¢) OvineBrucellosis
Brucella ovis causes epididymitis and impaired fertility in male sheep (Buddle, 1998)ough

experimental infection of goats is possible, it has not been regorntedurally occur (Burgess al., 1985 Ridler et
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al., 2000). Among rams, onf30-50% of serologically or bacteriologically positive animals will have palpable
lesions (Poestest al., 2006 Van Metreet al., 2012). Shedding of brucellae in semen still occurs in asymptomatic
rams, however, and these silent carriers disseminate infection torgugh herd. Fertility of asymptomatic
animals may be normal or reduced. Infection is less common in buteahortion or birth of weak lambs can occur

(Poestegt al., 2006 Hartleyet al., 1955).

1.5d) SwineBrucellosis

Brucella suisinfection of swine is unique among the brucellosis infections @stock, in that a more
systemic infection is frequently observed. Bacteremia may persist fmas@wonths, and osteoarticular lesions are
more common than in other livestock. Infection in swine, h@anaway also be asymptomatic. The typical
reproductive signs are frequently observed including abortion, wgkdtgiorchitis, and epididymitisAbortions in
SOws can occur at any time during pregnancy, and early fetaiftessleads to signs of irregular estrus or infertility

(Poesteet al., 2006).

1.5e) CanineBrucellosis

The typical reproductive lesions associated \Bithcella infection of animals are also observed in dogs. In
bitches the most common manifestation is late term abortion although earlyeinlatgath occasionally occurs.
Vaginal discharge can persist for weeks following abortion and corigdimhmbers of brucellagin males,
orchitis and epididymitis are observed, which can cause infertilitylofyed bacteremia is observed as noted in
swine. Diskospondylitis, meningoencephalitis, and uveitis are also occasiobalywved in dogs witB. canis

infection (Hollett, 2006Wanke, 2004).

1.5f) Brucellosisin Other Livestock

Camels are susceptible Boucella infection, exhibiting high seroprevalence rates in areas vihere
melitensis or B. abortus are endemic. Disease in camels is reportedly more mild than in cattle, but orchitis,
epididymitis, abortion, arthritis, hygromas, and shedding in uterimbalige and milk have all been recorded

(Gwidaet al., 2012).
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Brucella abortus, B. suis, andB. melitensis can cause disease in equids. Although high seroprevalence
rates have been reported in equidBrincella endemic areas (Zolzaghal., 2014 Abo-Shehada, 2009¢quids are
generally disregarded in discussions of brucellosis in livestock. Rlolseppurative atlantal bursitis) and fistulous
withers (suppurative supraspinous bursitis) are the most common céilgicalassociated witBrucella infection in
the horse, although the majority of infected horses remain asymptorRagidilection for the joints, muscles,
tendons, and bursae in horses appears to be more commonetiidecpon for the reproductive tissues, although

abortion has been observed (Denny, 1973).

1.59) Human Brucdllosis

By definition brucellosis in humans is a disease of “protean manifestations,” significantly complicating
diagnosis (Pappaa al., 2005). Alternative names for human brucellosis include Malta wetundulant fever,
and fu-like iliness is the classical presentation of acute disefsastimated3-100% of patients present with
fever (Francaet al., 2007). Although rarely fatal, brucellosis in humans can be a d¢ibidjt chronic disease
affecting any organ system. Clinical features of brucellosis depetige@tage of disease, the specieBrotella
responsible for infection, and the organ systems involvehle 1.3 presents the most common clinical findings in
patients with brucellosis (Trogt al., 2005 Francoet al., 2007, Pappagt al., 2005). Symptoms generally appear
within 2-6 weeks of exposure, but the incubation period can be 3ijpnonths (Sauret & Vilissova, 20(Reguera
etal., 2003). Fever, joint pain, night sweats, and constitutional symptonoaglinglmalaise, anorexia, weakness
and weight loss are the most common symptoms. Complications oddu8(86 of patients, with skeletal infection
being the most common (Araj, 199Regueraet al., 2003). Three distinct forms of osteoarticular disease are
reported in patients with brucellosis: peripheral arthritis, sacroiliitis, pondylitis (Pappast al., 2005) Of the
osteoarticular complications, spondylitis is the most difficult to treat anbeassociated with neurological
complications. The reproductive system is the second most commohfsital@omplication with
epididymoorchitis and spontaneous abortion reported. Endocardites isimary cause of mortality froBrucella
infection, although cardiac complications are observed in only 2% of patiEimsaortic valve is most commonly
involved and surgical valve replacement is typically required in addition ¢éxtended course of antibiotic therapy

(Regueraet al., 2003)
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Table 1.3. Most common clinical signs and complications associated with brucellosisniansu

Clinical Presentation of Human Brucellosis Percent of Cases
Signs and Symptoms

Fever or chills 53-100
Joint Pain 20-87
Sweating 4-96
Constitutive Symptoms 197
Hepatomegaly 6-75
Splenomegaly 6-51
Focal Complications

Osteoarticular 2544
Genitourinary 10
Neurological 3-8
Cardiac 2

* < 5% mortality rate*

While B. melitensis andB. suis are commonly described in the literature as causing more severe disease in
humans thaB. abortus, few studies have directly compared disease manifestations between species.
retrospective report of patients wiB melitensis andB. abortusinfection in California, USA indicates that there are
significant differences in presenting signs, degree of focal complicatidnaboratory abnormalities of patients
infected with these two speciesBrucella (Troy et al., 2005). Patients infected wiBh melitensis presented with a
more “toxic disease” characterized by fever, abdominal tenderness, hepatosplenomegaly, thrombocytopenia, and
liver enzyme abnormalities. In comparison, patients Rithbortus infection presented primarily with focal

complications including osteomyelitis, arthritis, or complications with pregnan

Relapses occur in about 10% of brucellosis patients, generally within afye#ial infection, and are
often due to inadequate duration of antibiotic treatment (Pabphs2005). Relapse of disease 28 years after
initial presentation has been reported, however (Ogrediti, 2010). There is recent evidence that brucellae
persist intracellularly years after diagnosis of brucellosis, completiantifiotic treatment regiments, and a
successful clinical cureBrucella DNA has been detected in the blood of subjects with a previous history o
Brucella infection that are currently asymptomatic as well as subjects with eithericfooal disease or complaints
of chronic vague non-focal illness (Vriogtial., 2008 Castano & Solera, 2009). Chronic persistence of bacteria
after antibiotic treatment and clinical cure has been reported in patients withnddogious diseases such as

tuberculosis (Youngt al., 2002) Although further studies are needed, these preliminary findings subgesvhile
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a clinical curds typically achieved after antibiotic treatment, the complete eradication of bruitella¢he body

may be unattainable in many cases.

1.6) Pathogenesis
1.6a) Limitationsof the M ouse Model

The pathogenesis of brucellosis infection is an active area of researoly.rédant reviews describe
Brucella virulence factors, mechanisms of cellular entry and survivaltraffecking within the host (de Figueiredo
etal., 2015 Gorvel, 2008de Jonggt al., 201Q Atluri et al., 2011, Jimenez de Baguesal., 2005). Information on
this topic must be carefully interpreted, however, as most findingiaate fromin vitro experiments or murine
studies and are then extrapolated to human and livestock IBst®lla infectionof mouse models is distinct from
thatof natural hosts; mice are highly resistant to brucellosis (Gatikb., 2012) Balb/c mice are among the most
susceptible strains and are most commonly used in brucellosis studescidased susceptibility of Balb/c mice
is due to an imbalance in T helper cell type 1 (Th1) versus Th2 mityrWWatanabest al., 2004) T lymphocytes
of Balb/c mice preferentially produce Th2 cytokines, and as a result, magespim these mice have impaired
bactericidal activity. Since Th1 immunity is a critical component of the immunengspoBrucella infection in
natural hosts, the Balb/c mouse is an imperfect model for the st®tyadla immunology. The guinea pig (or a
natural host) is a better model for the study of immune response; hotess species are rarely utilizeRlecent
progress in the development of mouse model8ifacella-induced abortion and osteoarticular disease demonstrate
improved utility of the murine model for the study of these dspafdrucella pathogenesis (Magnaetial., 2013

Wanget al., 2014).

The limitations of the murine model for the studyBoticellaimmunology in part stimulated the present
dissertation. Objectives of the studies later described in chapters 3 and 4 gachidg a better understanding of
B. melitensis pathogenesis in the goat and the resulting cell-mediated immune resmtigsead by infection. The
next sections of the literature review will outline what is currently knowBro€ella pathogenesis and host immune

response from recent studies in the mouse model and limited studies iamtg@nd humans.
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1.6b) Brucella Entry and Intracellular Trafficking

Infection begins with entry of sufficient numbers of brucellde the host. Ingested bacteria likely enter
the host either via the oral mucosa or the intesHeagdr’s patch (Ackermanret al., 1988 Rossettiet al., 2013)
Inhaled bacteria likewise enter via the nasal mucosa or the pulmonary epith€&fiamslocation of the epithelium is
an active process likely involving various receptor molecules, whitiain poorly definedPutative receptors
include extracellular matrix proteins, sialic acid residue containing proteinslthkar prion protein, syndecans,
and integrins. Interestingly, an integrin binding sialoprotein fdorteupregulated in the Peyer’s patch during
Brucella invasion, is also highly expressed in bone matrix and trophoplateintially explainindgdrucella’s
preference for these host sites (Rosseti., 2013). Transcriptional analysis of Peyer’s patch cells during Brucella
infection has also suggested that brucellae interfere with mucosal barrier furftibough a paracellular route of
mucosal entry has not been previously described, brucellae trigger dalatimygof the tight junction pathway and
trefoil factors that promote mucosal healing within the intestine (Rostkaltj 2013). Regardless of the specific
mechanism, brucellae are able to rapidly cross the mucosal barrier withain@ativation of the host immune
system. Toll-like receptor (TLR) signaling pathways are subvertidaiting that brucellae reduce or hide the
pathogen-associated molecular patterns (PAMPS) that typically triggemiensygtem activation. Furthermore, the
downregulation of cytokine expression within the intestine shaftér infection suggests brucellae are able to

actively manipulate the host’s immune response for its benefit (Rossettal., 2013)

Once past the mucosal barrier, brucellae enter mucosal neutrophils, macrophadesdatid cells.
While neutrophils typically play a vital role in the innate immune responisadierial pathogens, brucellae
stimulate only limited neutrophil activation and have the ability to resistkiéing mechanisms. Recent evidence
also indicates tha@. abortus actively induces cell death of human neutrophils, further limiting#pacity of
neutrophils to kill invading brucellae and stimulate an appropriate immunensesp This is consistent with the

neutropenia observed in some human patients (Barquero-&allp2015).

Macrophages and dendritic cells are among the preferred replicative nicmesedfale; however, less than
10% of phagocytized brucellae survive an initial adaption period (de Figuetradp2015). This initial mortality

may be due to bactericidal activity of the macrophage or sithplyacteria’s failure to adapt to an intacellular
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niche characterized by nutrient limitation and low oxygen tension. Brucellaenestenphages via lipid raft
domains, and once internalized, reside withBracella-containing vacuole (BCV). Intracellular trafficking of the
BCV has been recently reviewed by Celd(5. Brucellae actively modify trafficking and maturation of the BCV
to promote intracellular survival and replication. Following phagocytogily, maturation of the BCV involves
interaction with endosomes and transient fusion with lysosomesextdsat of association with lysosomes has been
a subject of some debate (Celli, 201bysosomal-induced acidification of the BCV, however, is a necessaral sig
for induction ofBrucella’s primary virulence factor, the type IV secretion system (T4SS). Regulation of vacuolar
trafficking and subsequent survival and replication of brucellae withicrophages is dependent on a functional
T4SS (de Jong & Tsolis, 2012). Laboratory strains of brucelideemutations in the T4SS are unable to ultimately

exclude lysosomal markers and survive within the macrophage ¢éCallli 2003).

The identity and function of effector molecules secreted across the bactegiapenby the T4SS remain
poorly defined. Activation of the T4SS system, however, leads ¢aiatisn of the BCV with the endoplasmic
reticulum (ER). Localization of brucellae in the ER was first discoveresldntron microscopy of the goat uterus
following experimental infection (Andersahal., 1986a). At this point in the maturation process, the BCV
becomes a favorable niche Brucella survival and replication. Surviving brucellae recover expression osgene
encoding for key metabolic processes and begin to express additionalogrglmes, the products of which
function to inhibit the host immune responSehere is evidence that brucellae interfere with the secretory pathway
of the ER (Celli, 2015). In theory this could be a means by wirigtellae interfere with MHC Class | presentation

or the secretion of pro-inflammatory cytokines.

The process by which brucellae complete thenagllular cycle and exit the cell is poorly described.
Although brucellae remain almost entirelyragellular while in the host, they must spread from teltell. During
the final stages of the vacuolar maturation process, the BCV loses ER sran#lggains features consistent with an

autophagosome. It is from these autophagocytic vacuoles that brucellae exit the cell.
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1.6¢) Dissemination and Localization of Brucellain Host Tissue

Brucella infection can be divided into three phases: an incubation phase, an acutampthasehronic
phase (de Figueireds al., 2015). The steps described above comprise the incubation phase during which clinical
signs are not yet apparent. During this phase brucellae enter the host, traashosasta mucosal barrier, and
invade mucosa-associated macrophages and dendritic cells. Survivintabresmblish a replicative niche within
the host phagocytes. At this point infection is localized to the site of mucosal pan@ration. If these step$
the infection process are successful, the acute phase of diseasalbagmsvhich brucellae disseminate in host
tissues. A cell-associated bacteremia occurs, allowing brucellae to remegaleahfrom the host immune system
within the macrophages and dendritic cells that they have corrupted.mibiatien occurs rapidly, at least in
natural hosts. In calves in whiehmelitensis was inoculated directly into ileal loops, bacteremia occurred within
30 min post-infection. After 12 hours both the mesenteric lyngoles and liver contained detectable brucellae

(Rossettit al., 2013).

The signals determining localization of brucellae within host tissuesaré/understood. Preference for
intracellular residence within macrophages and dendritic cells leads to coloniZattinldoendothelial organs
including the spleen, liver, and lymph nodes. Brucellae can also replicate in epittisligrmothelial cells,
fibroblasts, and microglia. Signals for localization to these cell types and colonizitienskeletal, nervous, and
cardiovascular system in humans, for example, remain unknawuminants, preference for male and female
reproductive organs has been attributed to the presence of erythritol, a foam-sagar used by brucellae (Keppie
et al., 1965 Peterseret al., 2013) High levels of erythritol are present in the placenta and male genitalia of natural
hosts (cattle, sheep, goats, and swine), but are absent in other spediedowtot show a preponderance of
reproductive lesions (humans, rats, rabbits, and guinea pigs) (Katjabiel965). Further support for the effect of
erythritol onBrucella localization is provided by a recent study in which brucellae were fouloddbze to an
erythritol-containing gel injected into the back of experimentallgdtéd mice (Petersenal., 2013) Novel roles
for erythritol have also recently been elucidated. In addition to its role eseagy source, erythritol functions to
upregulate expression of certain virulence traits inclugingella’s T4SS. Erythritol also appears to encourage
extracellular growth of brucellae. While brucellae primarily maintain &tadellular lifestyle, high numbers of

extracellular bacteria are present in the placentas of goats and cows infectedahithius (Carvalho Netat al.,
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2008 Meadoret al., 1989). Taken together these results indicate that erythritol functiamduie localization of
brucellae to the pregnant uterus, inhibit intracellular growth within triolglsbcells, and stimulate massive
extracellular replication. The presence of high numbers of extracellulariaactirces placentitis and eventual
abortion. Whether the induction of virulence factors by erythritol séovpomote bacterial replication and local

inflammation or to prime the bacteria for transmission to a new hosimerno be elucidated.

1.6d) Pathobiology

The mechanism by whidBrucella causes abortion and why abortion typically occurs only durinfrte
parturition post-infection are poorly understood. Brucellae preferenteglicate within trophoblast cells
metabolically active cells of the placenta that play a vital role in providing nuttgettte fetus as well as physically
interacting with the endometriunThe placentitis that develops secondarfitacella colonization likely hinders
the delivery of nutrients to the developing fetus, thereby contributifejdbstress and death. Recent microarray
data indicate that brucellae may also actively inhibit host production of certailmkinesrand other gene products
that play a role in fetal development and protection against hypoxiagfiio] 2014) In addition, aBrucella-
induced hormonal shift may contribute to abortion. Brucellae causeeadedn progesterone production and an
increase in estrogen levels. This shift triggers the endometriurodaq® prostaglandins resulting in premature

delivery (Poesteet al., 2006).

The mammary gland and associated lymph nodes are also importantrde&éia persistence and
transmission in ruminant hosts. Macrophages transport brucellae to theanagiands where the organism
replicates in alveoli and ducts (Meadal., 1989) The uterus becomes a less favorable niche for brucellae after
parturition. With the expulsion of the placenta, the erythritol producomhoblast is no longer present, and
brucellae preferentially reside in the mammary gland and associated lymph nodenbategnancies. Following

subsequent parturitions, replication is again stimulated and brucellae are #teditk.

In human hosts, the pathogenic mechanisms underlying foegdlications of brucellosis infection
including skeletal, cardiovascular, and neurological disease are poorly uaderskeurologic disease has only

been documented in humans and cetaceans with brucellosis and asnmtieéd in a mouse model. Recent
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discovery of osteoarticular infection and skeletal pathology in Balb/c mice infeitteB. melitensis will aid in the
elucidation of the pathogenesis of disease in humans (Magrani2013) Experimentalinfection studies of
human osteoblastic cell lines have also been performed (Delpaho 2009). Brucella abortus, B. melitensis, and
B. suisare able to replicate within human osteoblast cells, while wildByganis and a mutanB. abortus strain
deficient in the T4SS are unable to survive within these cells.Bileella-infected osteoblasts secrete pro-
inflammatory cytokines and the presence of monocytes has a synesffesttoon this immune response. The
results suggest that the chronic inflammation and bone and joint destructioretiaatetize osteoarticular
brucellosis may be primarily a result of the inflammatory reaction elicitdatumgellae. Inflammatory mediators are
also likely the cause of CNS damage in patients with neurobrucelBrsisella abortus can infect microglia and
astrocytesn vitro eliciting the production of pro-inflammatory cytokines and matrix metadieinases.
Metalloproteinases can degrade CNS tissue matrix and directly damage néltirenesis alsdn vivo evidence for
their role inBrucella pathobiology; matrix metalloproteinases have been detected in the cerebrdgjpirul f

patients with neurobrucellosis (Miragktal., 2013).

1.6e) Virulence Factors

The virulence oBrucella species depends on their ability to persist within host c8lisce natural hosts of
Brucella almost exclusively shed bacteria in reproductive secretions, brucellae mugtipegsenough in the host
for sexual contact or birth to occur. This allows for transmissisulbgequent hosts. Cattle, goats, sheep, and
swine, breed only once or twice a year, requiring brucellae to rdrntdan from the host immune system for a
substantial length of time. Establishment of persistent infectiogpieralent on the initial interactions between
Brucella and the host. Brucellae do not to cause overt toxicity, but instead stealthitiei As a result, brucellae
lack classical bacterial virulence factors including exotoxins, endotoxic MR#ysins, a capsule, functional
flagella, fimbriae, plasmids, and inducers of apoptosis (Sedéeam 2008) Instead Brucella virulence factors
function in three ways: to hide brucellae from immune detection, to pfatectny brucellacidal mechanisms

employed by the host, and to disrupt the host immune response.

Before brucellae even cross host mucosal barriers, in many cases theymiusttgansit through the

stomach. The zoonotRBrucella species produce urease, a virulence factor that facilitates the degradatiea
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One product of this reaction is ammonia, which functions to buHeanqd facilitate survival in the acidic
environment of the stomach. Interestindgypvis does not express urease, potentially explaining why the primary

route of infection for this species is venereal rather than oral (Esalis 2009)

Perhaps the best characteriBrdcella virulence factor is the T4SS encoded byh® operon.
Interestingly, related a-Proteobacteria, which tend to establish chronic infections includBagtonella, Rickettsia,
Wolbachia, Ehrlichia, andAnaplasma, possess orthologous T4SS (Barquero-Ceabad., 2009) Type IV secretion
in the context of brucellosis has been recently reviewed by de Jong@i®l(Z812). ThesirB genes are conserved
among all species @rucella underscoring their importance for the gen@ly a small number of T4SS effectors
have been discovered thus far and their functions in pathogenestsypoltyesized. However, mutant strains
lacking a functional T4SS are attenuaileditro in macrophages arid vivo in mice and goatsStudies have shown
the T4SS to play critical roles in intracellular trafficking and replication of bruceltléwnacrophages in the time
period shortly after infection (Celit al., 2003) The T4SS has also recently been shown to play a vital part in the
early stages of placental colonization in cattle (stal., 2014) While intense, acute inflammation resulting in
abortion is the ultimate outcome Bffucella localization in the pregnant uterus, an anti-inflammatory environment
within the placenta is necessary for the initial establishment of infec@iarvélho Netaet al., 2008). VirB mutants
are unable to subvert the host inflammatory response in the uterussttugteat T4SS effectors not only function
in intracellular trafficking of brucellae but also in immune evasionedent study oB. microti has demonstrated
that the T4SS is also vital to this non-classBalcella species (Hannet al., 2011) Brucella microti is unique
among brucellae in that it causes high mortality in laboratory mice. Thisitibalot demonstrated bynB

mutants.

Other virulence factors drucella species are BtpA/TcpB and BtpB (Atlatial., 2011). These proteins
contain Toll/interleukin-1 receptoim{R) domains and actively inhibit TLR stimulation by degrading an adaptor
molecule in the signaling cascad@ne outcome is the inhibition of dendritic cell activation. Activated dendritic
cells play key roles in bridging innate and adaptive immunity by secreftogines and presenting MHC-bound
microbial antigens to T lymphocyte3hus, these virulence factors represent yet another means byBrhaehia

actively interferes with the host immune system. At least BtpB mayT#SS effector as its translocation into
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macrophages has been shown to be dependemtBinBtpB has also been shown to play an essential role in
immune system evasion during brucellae colonization of the bovineottash, indicating that its effects extend

beyond macrophages and dendritic cells (Mal., 2014)

Another essential virulence factor is LPS, and it serves all three necessdignfifor brucellae: hiding
the organism, protecting from bactericidal mechanisms, and disruptingigne response (Jimenez de Bages
al., 2005). Unlike the LPS ofsalmonella andEscherichia coli, Brucella LPS is poorly endotoxic allowing evasion
of innate immunity.Similar toother related a-Proteobacteria, brucellae possess LPS with a non-canonical lipid A
characterized by very long chain fatty acids (Barquero-Cetlab, 2009) This LPS structure results in only
meager stimulation of TLR4 and weak binding of complement r€bult is minimal release of pro-inflammatory
cytokines, minimal respiratory burst activity, and limited opsonizatidraoferia. The O-side-chain Bfucella
LPS protects smooth bacteria from both extracellular and intracellular bactericidal emspoBrucellae are
resistant to complement, cationic peptides, and neutrophil extracts (BarqueraetGhlya007) LPS may also
play a role in inhibition of apoptosis, induction of IL-10 productiand interference with MHC class Il antigen

presentation (Franaog al., 2007 Skendrost al., 2011, Forestieret al., 2000).

Numerous other putative virulence factors have been described that are theysoope of this review.
Among thesare the BvrS/BvrR two component regulatory system, cyclic -1,2-glucans, phosphatidylcholine, and

unknown inhibitors of apoptosis (Seleetral., 2008).

1.7) Host Immune Response

Much of our knowledge dBrucellaimmunology is derived from study of murine infection, but miae ar
not an ideal model since they are naturally resistant to infection withspesies oBrucella. Only B. microti, B.
neotomae, and select biovars @&. suis are known to naturally infect rodents. Murine studies can providevis
information on the components of an immune response necesstry tevelopment of protective immunity in the
host. However, in order to characterize the defects in host immune resphrssd by brucellae, human and
ruminant studies are necessary. Few studies in natural hosts have bemneakriData come from study of the

immune response in human patients, vaccination studies in rumirsgtanén vitro studies of human and rarely
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ruminant macrophage cell lines. The overarching premise derivedHtismork is that a Thl response is necessary
for control ofBrucella infection, while up-regulation of IL-10 and development of a Th2aesg results in
prolonged infection (Baldwin & Parent, 2002). Human infection &zatterized by an impairment of Thl

immunity, a defect that likely begins early during infection (JimefeeBaguest al., 2005 Dornandet al., 2002).

1.7a) Innate Immunity

The innate immune system is the first line of defense against invadihggens. It plays a crucial role in
both inhibiting the initial replication of bacteria and influencing the developmenpaftective adaptive immune
response. Components of innate immunity include: anatomical baseersted proteins (chemokines, cytokines,
and complement), phagocytes (neutrophils, monocytes/macrophageenanidc cells), and innate types of

lymphocytes (natural killer [NK] cells and gamrdelta [y3] T cells).

i) Brucella avoids strong activation of the innate immune systemvia limited stimulation of TLRs

Detection of pathogens by the cellular components of the innate respeounss io0 a non-specific manner
by recognition of microbial structures such as lipoproteins, LPS, flagatichDNA by TLR2, TLR4, TLR5, and
TLR9, respectively.TLR signaling serves to activate bactericidal mechanisms of phagostytasate cytokine
release, and enhance antigen-presenting properties of dendritic cellstie Hudptive immune system cas b
primed. Brucella LPS is only a weak stimulator of TLR4 due to modification of the lipish@iety in the LPS
molecule and active interference with TLR signaling via the BtpA/TcpB &pH Broteins (Atluriet al., 2011)
These proteins also interfere with TLR2 signaling but do not inhibit signayifid-R9. Several studies have used
TLR-deficient mice to elucidate the importance of TLR signaling to the maif Brucella infection. These
experiments have suggested that TLR9 plays a central role in determistirggistance (Maced al., 2008
Oliveiraet al., 2008). TLR9 is expressed intracellularly within endosomal merabrand serves to detect bacterial
DNA rich in CpG motifs. However,Brucella DNA is only detectable by TLR9 if the bacterial envelope is breached.
TLR9 signaling in murine macrophages and dendritic cells results i@ frdduction, which is crucial for
stimulation of an adequate Thl adaptive immune response and cofdratdfa infection. Signaling through
TLR9, as well as other TLRs, is predominately via the adaptor MyD8&iokpTLR-binding ofBrucella products.

MyD88 knockout mice infected witBrucella demonstrate impaired dendritic cell maturation, absence of IL-12 and
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TNF-a production by macrophages and dendritic cells, reduced levels of inflammatory chemokines, reduced nitric
oxide, reduced numbers of IFNproducing T lymphocytes, and more severe disease (Maeedo, 2008 Oliveira

et al., 2008). The role of other TLRs including TLR2, TLR4, dihdR5 seems to be minor although this is subject
to some debate. The discrepancies in study results are likely due terdiffell types utilizedhe variousBrucella
species or strains studied, the mouse strains chasdwhether gene polymorphisms in human or ruminant hosts

are investigated (Grillet al., 2012 Macedoet al., 2008 Prakastet al., 2014 Rezazadeht al., 2006).

ii) Brucellainduces minimal production of pro-inflammatory cytokines

Cytokine expression is necessary for development of a protective immuoases NFe, IL-12, and
IFN-y are the primary cytokines critical for defense ageingtella. Additionally, IL-1, IL-6, andL-8 are
common components of the general cytokine response to gram nédygatigda Brucella abortus-infected mice
produce minimalL-1p, IL-6, and TNFe in comparison t&almonella-infected mice (Barquero-Caha al., 2007,
Barquero-Calvat al., 2009). In mice this effect does not appear to be due to active inpitmiezhanisms, but
instead is likely related to the poor induction of TLR signalinddbycella. While levels of pro-inflammatory
cytokines induced bRrucella infection in mice are more than 10-fold lower than that induceshlbiyonella, IL-1,
IL-6, and TNFe are all still present in murine brucellosis models. In human macrophages, GIQW&F ¢
production is severely impaired (Dornagtdl., 2002) Since heat-killed brucellae are able to stimulate TNF-
secretion, it appears thahibition of TNF-o expression in humans is an active process by live brucelBimilar
evidence of TNFe inhibition is emerging in cattle. In a calf ligated ileal loop model, expression of TN&-and IL-
12 by bovine Peyer’s patch cells remained unchanged during invasion of B. melitensis (Rossettet al., 2013) In
early stages of placental trophoblast colonization in cadtlabortus also actively inhibits expression of pro-
inflammatory genes including members of the TNF superfamily (Cardiaet al., 2008) The putative inhibitor

of TNF-u expression is a Brucella outer membrane protein, Omp25 (Jubier-Maetial., 2001)

Via both autocrine and paracrine signaling ThFmctions to stimulate macrophage functions. The
importance of TNFe is shown by: exacerbated Brucella infection in mice deficient in TNe-receptor genes, TNF-
a stimulation of IL-12 and IFNy production in mice, control of Brucella replication via synergistic activity of TNF-

a and CD8" T lymphocytes in IFNrknockout mice, and inhibition of the activity of IFN-y stimulated murine
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macrophages by addition of anti-TNFantibodies (Dornandet al., 2002) A recent study also provides evidence
for the importance of TNl-and IL-12 in cattle. In macrophages from Zebu cattleich are better able to control
B. abortus replicationin vitro than macrophages from European cattle, TNine IL-12 expression is stimulated by
infection. In macrophages from the more susceptible bEzethortus appears to inhibit TNe-and 1L-12

expression below basal levels (Macetlal., 2013)

Although the literature emphasizes the importance oftfiNthe control oBrucella infection (Baldwin &
Parent, 2002Grillo et al., 2012), this cytokine is produced primarily during the adaptivatne response by CD4
and CD8 T lymphocytes. Natural killegells and v3 T cells could produce some IFNduring the innate response,
but TNF-a production would precede even this activity of innate-like lymphocytes. TFeduction occurs just
hours after invasion and shapes the future outcome of bacterial infe¢tiois, although IFN-plays a crucial role
in Brucellaimmunology, TNFe functions immediately after infection, activating macrophages and inducing future

production of IFNy.

iii) Brucellaresists and evades the action of neutrophils

Neutrophils are among the first cells to respond to invasion by graativeegacteria Murine, human, and
bovine neutrophils efficiently take Wrucella, internalizing far more bacteria than macrophggekermannet al.,
1988 Celli et al., 2003 Barquero-Calvat al., 2007). HoweverBrucella infection of neutrophils stimulates only
minimal degranulation and respiratory burst activity compare®ltoonella infection. As a result, bacterial
survival rates for brucellae in human neutrophils are approximatéty @@mpared to less than 25% falmonella
(Barquero-Calvet al., 2007). Murine studies have shown that neutrophils play leyiteg role in Brucella
infection since depletion of neutrophils by treatment with a monoclotibbay does not influence bacterial load in

the spleen (Barquero-Calwebal., 2007).

Gram negative bacterial infection is typically characterized by marked nbilimopClassical gram
negative bacteria recruit neutrophils to the site of infection and intlazeactivation, which serves to increase
bactericidal activity and prolong neutrophil lifespam contrastB. abortus infection of mice does not result in

blood neutrophilia or recruitment of neutrophils to the site of infectiong{gan-Calvcet al., 2007). In humans, as
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well, normal or decreased leukocyte counts are most often associatedus@hdsis (Troyet al., 2005). The

failure of neutrophil recruitment to the siteBrfucella invasion may be a function of impaired TLR signaling and
insufficient chemokine production, as well as insufficient activation of the coraplerascade. The neutropenia
observed also is likely due Brucella-induced neutrophil deathn a recent studyB. abortus was shown to
selectively kill human neutrophils (Barquero-Caft@l., 2015). Death was induced by intracellular release of LPS
by both live and deaBrucella, and was specific to neutrophils, as monocytes, macrophages, dendritic cells, and
lymphocytes remained unaffected. The lipid A moietBaicella LPS appears to induce neutrophil death via a
reactive oxygen species mediated mechanism, and cell death occurred sitbotly the release of inflammatory
mediators. By inducing neutrophil death, brucellae may be better ablelothe# preferred replicative niche.

Neutrophil fragments containing brucellae are removed by macrophadetendritic cells.

iv) Brucella resists macrophage killing

Macrophages are a double-edged swofrircella pathogenesis. While functioning as the primary line of
defense again@rucella infection, these cells also provide a favorable intracellular niche for brucélieguate
stimulation via TLR binding and other mechanisms help to swagutotmme of infection in favor of the host.
Brucellae, however, have several stealth mechanisms to both avoidiaaly &terfere with the proper functioning
of macrophages as alluded to in the previous discussion of virdbmtoes The outcome of this battle between
bacterium and macrophage is predictive of the outcome of infectioreftilost. In cattle naturally resistant to
Brucella infection, B. abortus shows poor survival within macrophages. However, in cattle susleeftiimfection,

abortion, and shedding 8fucella, macrophages are unable to Bllabortus (Qureshiet al., 1996).

Macrophages employ a number of strategies to directly kill pathogens mglughagocytosis and
autophagy with subsequent degradation by hydrolytic lysosomal enzgxigetive burst with subsequent killing
by reactive oxygen and nitrogen species, and antimicrobial peptides withsvard@hanisms of action.
Macrophages also function to stimulate and shape the adaptive immune respaysekine production and
antigen presentation. The efficacy of these direct and indirect mechagamsBrucella depends on the host
species, th8rucella species, and a multitude of factors specific to the individual infedtedse factors ultimately

determine the outcome of infection. In general phagocytosis and agtoate ineffective means of killiri;
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abortus, B. melitensis, andB. suis. While the majority of internalized bacteria may be killed, the survimembers
of these species are able to ultimately exclude lysosomal componentaér&@Y and establish a replicative niche
(de Figueiredet al., 2015). There is also evidence that brucellae actually utilize the autophagpyp&htheir
benefit in order to spread from cell to cell (Celli, 201Bjucellae are also highly resistant to cationic peptides
(Barquero-Calvat al., 2007). The role nitric oxide (NO) plays in controlliBoucella replication is debated.
While NO production is one of the primary bactericidal mechanisms emplbyyadcrophage®rucella stimulates
bovine macrophages to produce only low levels of NO compar&alrimnella (Macedoet al., 2013).
Macrophages from some breeds of cattle, however, are better able to Bamtetla infection. These resistant
bovine macrophages exhibit higher levels of inducible NO synthase expressid®grdduction (Macedet al.,
2013. The bactericidal activity of macrophages is enhanced following activaltiBS, TNFe, and IFN-y all
function to activate macrophages. Interestingly, a study albortus infection in murine macrophages found that
pre-activation of macrophages prior to infection resulted in the dé80%6 more brucellae compared to untreated
macrophages. However, if macrophages were activated after brucellae hdyl edtablished a replicative niche,
the brucellae were resistant to the enhanced bactericidal mechanisms (Barquee-#&al2007) This has
important implications sincBrucella infection of natural hosts results in limited TLR stimulation via LPS and
limited TNF-u production. If macrophage activation is dependent on IFNproduction, this occurs later during
infection likely after brucellae have established a replicative niche. A last ditcheaffployed by macrophages
unable to control intracellular bacterial replication is induction of apopt&sigella inhibits this bactericidal
mechanism as well, facilitating the establishment of chronic infectromurine macrophageB, abortus prevents
apoptosis by a mechanism independent of TLR signaling (Barquero-€all, 2007). In human macrophagés,
suis can protect against Fas-ligand, IFNand TNF-o induced apoptosis. The proposed mechanism is via induction
of Al, an anti-apoptotic gene from the Bcfaznily (Grosset al., 2000). Inhibition of apoptosis has also been
demonstratedx vivo in macrophages from infected cattle and from humans with both a@ittheonic brucellosis
(Galdieroet al., 200Q Tolomeoet al., 2003). In humans, treatment with antibiotics reverses the inhibition of

macrophage apoptosis in patients with acute but not chronic brucellosis.
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v) Brucella interfereswith dendritic cell mediated induction of adaptive immunity

Much of the work irBrucella immunology has focused on the macrophage; however, dendritiamelise
primary cell type involved in presentation of antigen to naive T lymphacytesuch dendritic cells are a bridge
between innate and adaptive immunity and are essential in shaping a protectigepbiimse. Dendritic cells seem
to be highly permissive tBrucella replication. A study of human dendritic cells subjecteihtatro infection with
B. abortus, B. suis, andB. melitensis found that regardless of the specigsjcella are actually better able to invade
and persist in dendritic cells than in macrophages (Bidaatl, 2005). This is striking as most other intracellular
bacteria that target macrophages are unable to replicate within dendritic cells. Théogbéisist in dendritic cells
may represent a specific virulence strategmicella, allowing for dissemination throughout the host within these
highly-migratory cells.While persistence ddrucella in murine dendritic cells has also been demonstrated (Macedo
et al., 2008), evidence for survival in bovine dendritic cells is lackifige one study performed with bovine
monocyte-derived dendritic cells found thBatabortus was eliminated by 24 hours post-infection (Hedeal.,
2012. This result, however, is likely due to the utilization of cells froftleaaccinated with RB51 and high levels

of B- and T- lymphocyte contamination in the dendritic cell cultures.

Once established within murine or human dendritic cBtiscella interferes with cell maturation,
production of TNFe and IL-12, and presentation of antigen to T lymphocytes (Bikhad., 2007 Macedoet al.,
2008 Barquero-Calvat al., 2009). In arin vitro dendritic cell infection study, expression of cell membrane
components involved in antigen presentation and co-stimulaticluging MHC | and MHC 1l and CD40, CD80,
and CD86) was minimal aft@rucella infection compared t&. coli infection. As a resulBrucella-infected
dendritic cells were unable to induce proliferation of naive T lymphocytss-aulture The inhibition of dendritic
cell maturation appears to be at least partially digrtioella’s ability to prevent TNFe production in human
dendritic cells (Jubier-Mauriet al., 2001, Billard et al., 2007). IL-12 production bBrucella-infected dendritic
cells is also low, and this cytokine is required for developmenpobtective Thladaptive immune response. In
Balb/c mice, which have increased sensitivitytacella infection, there istemporary reduction in IL-12 receptor
expression during the chronic phase of infection (Gelllal., 2012). The result is a brief hiatus in Th1 immunity
and IFNy production. Treatment with recombinant IL-12 resolves this suspension of Th1 nityrwith a

subsequent 1000-fold reductionBnucella concentration (Sathiyaseeleral., 2006)
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vi) Innate-like lymphocytes play a critical role in controlling infection

Innate-likelymphocytes, including y3 T cells and NK cells, function at the interface of innate and adaptive
immunity. These lymphocytes are characterized by the absenférafell receptors (TCR), which bind antigen in
CD4" and CD8 T lymphocytes. Instead innate-like lymphocytes recognize PAMPslsighcellular stress, and in
the case of y3 T cells potentially antigen presented by dendritic cells (Guzmaret al., 2012). The innate-like
lymphocytes play critical roles in the control of intracellular bacterial infectioce they are able to produce IFN-
before the adaptive immune response develops. While humans and mice have low levels of circulating yd T cells (1-
5% of total lymphocytes), in ruminans T cells are a major T lymphocyte subtype (Skyberget al., 2011). Up to

60% of circulating T lymphocytes in calves are y6 T cells (Guzmanet al., 2012 Hein & Mackay, 1991)

The importance of yd T cells in Brucellaimmunology is only just beginning to be understo®dvine yd T
cells have been shown to inhibit timevitro replication ofB. abortus within macrophages in co-culture experiments
(Skyberget al., 2011). This protective effect appears to be mediated by Ifidducedby vé T cells, which serves
to enhance the bactericidal activity of macrophagedumans with acutB. melitensisinfection,numbers of vy T
cells in the peripheral blood increase dramatically, reaching 30% of the topdidggte population in some patients
(Bertottoet al., 1993) Human y3 T cells have been shown to inhibit growth of Brucella within macrophages by
contact-dependent (granule- and Fas ligand-mediated cytotoxicity) and éndiemndent (IFN-mediated
macrophage activation) mechanisms (Skendrak, 2011, Dornandet al., 2002) The cytotoxic action of y6 T
cells could circumverBrucella’s inhibition of macrophage apoptosis. While y3 T cells are also cytotoxic toward
Brucella-infected human dendritic cells, the interaction between yd T cells and dendritic cells serves additional
functions essential fdrucella immunity. As discussed above, brucellae inhibit dendritic cell maturation
interfering with antigen presentation to T lymphocyt&lsiman y8 T cells have recently been shown to restore this
function (Ni et al., 2012). Through contact-dependent mechani8mgella-infected dendritic cells activate y6 T
cells These activated yd T cells then function to induce differentiation of the infected dendritic cells into fully
mature IL-12 producing antigen presenting cells with enhanced capacity to ferpnadiferation of naive CD4T

lymphocytes.
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The contribution of NK cells to control &rucella infection appears to be host specific. In mice
experimental depletion of NK cells does not influence the outcome of infeBaddwin & Parent, 2002).
However, in humans NK cellsike y8 T cells, appear to contribute to protection agasicella via cytotoxic
activity towardBrucella-infected macrophages. Natural killer cell production of Ta\#rd IFN-y may serve
additional roles iBrucella immunity (Dornandkt al., 2004). In patients with acute brucellosis, normal numbers of
NK cells are present; however, they show a functional deficit in cytotoxicity €Balrat al., 1992). There is
evidence that the deficit in cytotoxicity is due to impairment of NK cell nagitum. This may be a direct inhibitory
effect or may be due rucella’s inhibition of TNF-a and IL-12 production by macrophages and dendritic cells, as
both cytokines serve to activate NK cells. The pathogenic implications fatefiist in NK cell function are

unknown but may contribute to intracellular survival of brucellae in muinasts.

1.7b) Adaptive Immunity

The innate immune system serves to liriticella replication and stimulate an adaptive immune response,
which is more effective at clearing infection. Adaptive immunity isnéef by antigen-specific recognition of
pathogens by T- and B- lymphocytes and secreted antibody. The adaptiune response attempts to control
Brucella infection by three primary mechanisms. First, IfFhroduced by CD4" and CD8 T cells serves to
activate macrophages, enhancing their bactericidal capacity. Second, cytotoXi€ €&I8 directly kill infected
macrophages. Third, B lymphocytes secrete antibody, which has liefiéet on the outcome of infection but is

useful for diagnosis of disease (Ko & Splitter, 208Bendros & Boura, 2013)

i) Thlimmunity defined by IFN-y production is critical to defense against Brucella infection

Th1 cells are a subset of CD® lymphocytes that produce the cytokines lfFhkd IL-2 and are primarily
involved in activating macrophages and CD8cells The major competing immune response is the Th2 response
which is characterized by CDZ lymphocytes that produce the cytokines IL-4, IL-5, IL-40¢ IL-13 and function
to stimulate B cells to produce antibody. The importance of the Timuira response iBrucella infection was
first realized in the mouse model and has since been observed inshangamatural hostdFN-y is the principal
cytokine secreted fronim vitro cultures of splenocytes, T cells, and peripheral blood mononuclear celiCHBf

mice, humans, and cattle stimulated vBttucella antigen (Fernandes al., 1996 Weynantst al., 1998 Rafiei et

46



al., 2006 Rodriguez-Zapatat al., 2010). A deficit in IFNy production results in decreased clearancdaficella
and prolonged infection. This effect is observed naturally in sustepiifiuse strains and in human patients with
chronic disease (Fernandgsl., 1996 Baldwin & Parent, 200Rafieiet al., 2006 Skendrost al., 2011). A
deficit in IFN-y production can also be reproduced in mouse models by using anti-FN-y antibodies or knockout
strains. Neutralization of IFN4n mice infected wittB. abortus results in increased bacterial colonization of the
spleen (Fernandes & Baldwin, 1995peficits in IFN« production and the Thl response in whole are also
observed in some ruminant species following vaccination Bitibortus strain RB51, and this is believed to

explain the poor efficacy of the vaccine in elk and water buffalo (@san 2002 Dipteeet al., 2005)

Deficits in IFN+ production likely result from defects in other components of the host immune respons
Naive lymphocyte requires three signals in order to differentiate into Téttafcells: binding of a foreign
peptide-MHC complex to the TCR, binding of co-stimulatory moleculesbarting of cytokines, particularly IL-
12. As mentioned in previous sections, a natural defect in IL41Rilstiion in the Balb/c mouse causes a deficit in
IFN-y production until 6 weeks post-infection. This explains the greater susceptibility of this mougzucella
infection compared to C57BL/6 mice, which produces high levelsfylthroughout the course of infection
(Fernandest al., 1996 Baldwin & Parent, 2002Sathiyaseelagt al., 2006) Inhibition of bothIL-12 production
and expression of MHC and co-stimulatory molecules has also beaveldis vitro in human dendritic cells
infected withBrucella (Billard et al., 2007). If this is replicateih vivo, a reduction in all three signals required for

the activation of T lymphocytes would resultasubstantial reductiom IFN-y production

Deficits in IFN+ also frequently reflect an imbalance between Thl and Th2 immunity. While both
responses are necessary to avoid an overzealous inflammatory respahsmdance of Th2 cytokines is
associated with a poor disease outcomd.h2 response is induced via A stimulation of naive T lymphocytes
during interaction with an antigen presenting cell. The subsequene3p@nse elicited is characterized by
production of IL-4, IL-5, IL-10, and IL-13. IL-10 prodtion in the context dBrucella infection has been best
studied. This immunoregulatory cytokine is produced by T yuoptes including Th2 effector cells and regulatory
T cells as well as B cells, neutrophils, macrophages, and some dendritidlcdisfunctions to inhibit the Thl

response at many steps by interfering with antigen presentationaildcytokine production (Sabetal., 2010).
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Both the pro-inflammatory Thl cytokine IFNand the anti-inflammatory cytokine IL-10 are produced by
splenocytes iBrucella-infected mice (Fernandes & Baldwin, 1995). Experimental neutralizatitiz 10 results in
higher levels of IFNy, TNF-0, and IL-6 production and a reduction Brucella replication; however, increased
disease pathology is observed as a result of the high levels of pro-inflammatkines (Fernandes & Baldwin,
1995 Xavieret al., 2013). A recent murine study indicates tBaabortus may induce regulatory T cells to produce
IL-10 early in infection (Xavieet al., 2013). In the absence of this earlyllQ-expressionBrucella is unable to
escape the phagolysosome and establish a replicative niche within the magrophasg; while IL-10 protects the
host from substantial disease pathology, excess production of thisfeEmtimatory cytokine may promote chronic

infection.

Neutrophils may also inhibit the Thl response. Initially believed to act exelysiuring innate
immunity, recent evidence suggests neutrophils may also influemeeléiptive response. In a mutant neutropenic
mouse strain infected witB. abortus, the absence of neutrophils actually favored bacterial elimination at lager tim
points of infection (Barquero-Cahat al., 2013). Clearance of brucellae in the neutropenic model seemed to be a
function of a faster and more efficient adaptive immune response. Therénaeased numbers of activated
lymphocytes present, increased recruitment of monocytes and dendritto ¢e#sspleen, and increased production

of Thl cytokines.

ii) Deficienciesin CD8" T lymphocytes may contribute to Brucella persistence

The relative importance of CD#gersus CD8T lymphocytes in the control @rucella infection is
debated; however, both populations likely play a role in immunity (K&p&tter, 2003Skendros & Boura, 2013)
CDS8' T cells function to inhibiBrucella replication within macrophages via both IFNroduction and Fas- or
perforin-mediated cytotoxicity. CO8 cel numbers seem to increase during certain stages of infelikiely to
compensate for lapses in CD® cell responsesThis has been observed in Balb/c mice as well as in human patients
with chronic brucellosis (Fernandetsal., 1996 Skendrost al., 2007). Although their numbers increase, CDB
may not be able to control infection (Viteyal., 2012). A recent study suggests tBainelitensis actively inhibits
the CD8 T cell response via secretion of the virulence factor T&pBwardet al., 2012). This virulence factor

was discussed in a previous section in reference to its effects acelhttar trafficking and innate immunity, but
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has now been indicated in evasion of adaptive immunity as well. iBagBased b. melitensis within infected
macrophages and functions to exclude phosphatidylinositols from thenensynapse formed during macrophage-
CDS8' T cell binding. This prevents CD§ cell mediated killing, but also has effects beyond the immediate
survival ofBrucella within the contacted macrophage. The dampening of the resultingrienrasponse appears to
prevent the differentiation of CD&ffector T cells into a long-lived memory pool. In a Balb/c mousdet) few
CDS8' T cells retained a memory cell phenotype during chrBnicella infection. The few persisting memory cells

displayed an exhausted phenotype characterized by deficiencies i) TR¥-a, and IL-2 production.

iii) Limited role of B lymphocytesin Brucella infection

Although the roleof humoral immunity irBrucella infection has also been a subject of debate, the
emerging consensus is that the primary humoral response is not peo{¥ftiy et al., 2012 Skendros & Boura,
2013. An effective secondary immune response, such as that which ocomrgxjposure post-vaccination or upon
repetitive exposure in disease endemic areas, however, seems to retjuinentaral and cell-mediated responses
(Vitry etal., 2014). Antibodies can serve opposing roles in the control of intracddadéerial infection. They can
aid the host by opsonizing the pathogen during intermittent extracellular pimasiggluce complement activation
or phagocytosis. However, antibody-mediated phagocytosis can alsid trenpéthogen by providing easy access
to intracellular niches (Vitret al., 2014). A recent study @rucella infection in a B cell-deficient mouse strain
suggests that the humoral response actually impedes the control tibimféa an antibody-independent
mechanism (Goenkat al., 2011). In addition to producing antibody, B cells serve a regylette secreting the
anti-inflammatory cytokines IL-10 and transforming growth fa¢iaGF)3, which attenuate the Thl response. B

cell knockout mice produced higher levels of IkFhnd exhibited disease resistance.

In the secondary immune response, circulating antibodies do appear aocpligal role (Vitryet al.,
2014. Early during infection antibodies limit disseminatiorBoficella via the bloodstream. Together with a CD4
Th1l memory response, they also serve to control subsequent spléinaticepof Brucella in a mouse model.
Absence of either a humoral or cell-mediated response le&lsrbitensis persistence in mice following Re¥
vaccination. The importance of the humoral response in natural hosts, howemrains questionable as antibody

titers in cattle post vaccination often do not correlate with protective immuiitglétti, 1990).
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iv) Thl/Th2 imbalance and cellular anergy in human brucellosis

A collection of studies on patients with brucellosis are beginning to elucidettigrities of the human
immune response that may predict disease outcome. Patients with acute fisugefierally have a strong Thl
immune response characterized by elevated levels of IL-1, IL-2, I8, TNF-a, and IFN-y (Rodriguez-Zapata
et al., 2010). IFNy concentrations in the serum of patients can be more than 100 tima¢srdhan that in healthy
controls. Levels of anti-inflammatory cytokines including IL4,10 and IL-13 are typically low (Rodriguez-
Zapateet al., 201Q Rafieiet al., 2006 Akbulut et al., 2005). Interestingly, monocytes isolated from blood of
patients with acute brucellosis have defective phagocytic activity despite the Birbingsponse (Rodriguez-Zapata
et al., 2010). In contrast to patients with acute brucellosis responsikierpy, patients with either acute disease
unresponsive to therapy or chronic disease display a switch to e3pihse (Rafiat al., 2006 Skendros &
Boura, 2013Akbulut et al., 2005). These patients have decreased level\bf hnd increased levels of IL-13.
Patients with chronic brucellosis also display deficits in the activation sta@4fTClymphocytes as measured by
CD25 expression (Skendretsal., 2007). CD25 is the alpha chain of the IL-2 receptor, which ireegpd on
activated T cells as well as many other cell types. IL-2 stimulation &ssagy for clonal expansion, and the

apparent defect in IL-2 signaling in chronic brucellosis patients could catetitits the deficit in Thl response.

v) Ruminant T cell response to Brucella infection and vaccination

The immune response agaiBsticella is poorly studied in cattle and small ruminant hosts. Most work has
investigated the T cell proliferative response and the humoral response foll@gtigation. Lymph node cells
from vaccinated cattle demonstrate a considerable proliferative response upon stimitlatRyocella antigen
(Stevenst al., 1996 Stevenset al., 1995). This work, however, provides little information on theghotyte types
that provide protective immunity. A recent study investigating the actifilylymphocyte subsets following
vaccination of cattle found proliferation of both CDathd CD8 T cells (Dornelest al., 2014). CD4 T cells were
the primary source of IFN-post vaccination. The cytokine response was characterized by a moderate but
significant increase in the percent of T cells producing FNd no IL-4 production. Analysis of cytokine
expression levels following RB51 vaccination of cattle has also demonstratpeience of |IFN-and absence of
IL-4 expression (Polet al., 2006). While most work has been done in vaccinated animsilgjlar response has

been noted in a single cow infected with virulBnabortus (Weynantset al., 1998). Elevated levels of IFNwere
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demonstrated in PBMC cultures from this cow post-infection by @éazlyme-linked immunoassay (ELISA) and
intracellular staining flow cytometry. Again the primary IFNroducers were CD4" T cells, with a lesser
contribution by CD8T cells. Anin vitro assay of CDAT cell function indicates that lymphocytes isolated from
vaccinated cattle are fully capable of inducing apopiasimtigen-stimulated arrucella-infected autologous
macrophages (Wyckoff & Potts, 2007). Few studies have looked etshonse of small ruminantsBomelitensis
infection. Recently, Perez-Sanclebal. reported that the IFNtesponse to both Rev.1 vaccination and.

melitensis challenge in sheeis similar to that shown in vaccinated cat@®14).

1.8) Vaccination and Disease Control Methods

Vaccination remains at the cornerstone of disease prevention in livestockrand hosts (Yang al.,
2013. While there is currently no safe and efficacious vaccine for huiserprevalence of disease in humans is
directly correlated with levels of disease in livestock. Thus, livestackimation is vital for preventing human
disease.This is underscored by the difficulties associated with treatment of brsisétichumans Prevention of
disease in livestock is also justified by economic motividgese include increasing productivity in disease endemic
areas such as Africa and parts of Asia where livestock are an importantosubsistence, as well as eliminating

the costs associated with trade and market restrictions that are placed on disiéiaseapimals.

While the emphasis of this section is on vaccination, it must be notati¢hatare two other critical
components to disease control: test and slaughter programs anchémfziBon of management practices that
reduce exposure Brucella. Vaccination alone has never been effective at eradicating brucellosis from any

livestock population (Olsen & Tatum, 2010).

The brucellosis vaccines currently in use are all live atteniBatem!|a strains. While a nonliving
brucellosis vaccine is desirable for reasons of safety, killed vacciaégparally ineffective at stimulating the Thl
immune response that is necessary for efficacy (Nicoletti, 1985 attenuateBrucella strains utilized in live
vaccines replicate and persist within the host for a limited period of $iimeylating development of a Th1l response
and likely CD4 T memory cells. The optimal attenuated vaccine strain must possess essidghl virulence to

stimulate a protective response but not enough to cause disease or abortipet &.aR013).
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The primary vaccines currently used for prevention of bovine bosteworldwide areB. abortus strain
19 (S19) andB. abortus strain RB51.519 is a spontaneous mutant discovered in 1923 and first introdudiedidfor
use in the U.S. in 1941 (Graves, 19@8en & Tatum, 2010)S19 is highly effective at preventing abortion and
subsequent transmission of disease; however, it is less successfuieatipg infection. Although vaccine efficacy
is largely dependent on field conditions and exposure dose, S19 is estionpitetbct 65-75% of vaccinated
animals from infection and reduce the occurrence of abortion inenimg animals (Manthei, 1968). The
primary limitation of tlis vaccine is the occasional persistence of circulating antibodies post-vaccirgitice.S19
is a smooth strain and expresses the O-side-chain on its LPS, thelyantifiponse of vaccinated animals cannot be
differentiated from that of infected animals by most serological t&$tas S19 vaccination makes the
implementation of a test and slaughter program difficult. Anotherlzfrelvof the S19 vaccine is that it is
sufficiently virulent to induce abortion when administered during pregnaBolutions to these two problems
include restricting vaccination to heifer calves and utilizing a reduced dose@he. These practices reduce
abortion rates and the retention of antibody tit&sth the full and reduced dose calfhood vaccines are protective
against brucellosis, the full dose offering protection until at least 9 years ¢ignthei, 1968) S19 may
occasionally persist in the udder resulting in shedding, although it igedfyoonly infectious for humans upon

accidental inoculation and not upon ingestion (Nicoletti, 1990).

The development of the RB51 vaccine allowed many of the limitationspeesey S19 to be overcome.
In the U.S. RB51 has been used almost exclusively since 1996 (Olsatui,12010). RB51 is a rough mutant
derived from wild typeB. abortus 2308, and since it lacks the O-side-chain, the antibody responsedihidy
vaccination does not interfere with seroladitests. This vaccine is also safer to use in pregnant animals; however,
RB51 does retain some virulence and abortion and fetal infection hasdiednma vaccinated pregnant heifer
(Olsen & Tatum, 201,0van Metreet al., 1999) This is a public health concern, as RB51 remains infectious for
humans as evidenced by reported cases in a farmer, veterinarians, andryetrdents following cesarean section
and necropsy dadninfected stillborn calf in Kansa4998. The retained virulence of RB51 is also of potential
concern since this strain is resistant to rifampin (Schetré), 1991) a highly effective antibiotic typically utilized
in treatment regimds (Vrioni et al., 2014) There is some controversy over the protection provided by RB51 in

comparison to S19. One study reported RB51 to prevent 59% of abds®@8aHf cow infections, and 61% of fetal
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infections (Poestest al., 2006). Simultaneous comparison of the vaccines in a small numéeinafls indicates
that S19 may be slightly more efficacious (Olsen & Tatum, 201d)ilevthe U.S., Europe, and some South
American nations have adopted the use of RB51, S19 is still used inconamyies worldwide for control of bovine

brucellosis.

The primary vaccine used in small ruminants for protection agaimstlitensis is the Rev1 vaccine.
This vaccine was created in 1957 by sequential passage of a wild. typhtensis strain in streptomycin-
containing media until a streptomycin-resistant strain was isolated (Elberg & F&06€¢, This isolate, Rev. 1,
was found to have reduced virulence and protect against infection in smalants. Similar to the other live
attenuatedrucella vaccines, vaccination of pregnant sheep and goats with Rev. 1 can resatftiomand
shedding in vaginal secretions and milk in some animals (&tftah, 1967 Entessaet al., 1967 Blasco, 1997).
This presents a potential public health risk since, like S19 and RB51] Reains some virulence to humans
(Blasco & Diaz, 1993). Again there are treatment challenges associated edtiombf humans with Rev. 1 since
the strain is streptomycin resistant, and this antibiotic is commonly useiment regimats (Vrioni et al., 2014)
Applying a reduced dose of Rev. 1 via the conjunctival route dexsdlas risk of abortion and shedding, as well as
persistence of antibody titers (Jimenez de Baguals, 1989). Like theB. abortus S19 vaccine, Rev. 1 is a smooth
strain with an O-side-chain on its LPS, which interferes with diagioosserological tests. Full-dose vaccination
produces long lasting protection against abortion and infection. alis &ev. 1 was found to provide protection for
at least 4.5 years, preventing 100% of abortions and 92% of infectiangaasired by colonization of mammary
tissue or uterusNon-vaccinated goats in this study had a 45% abortion rate and only If#itafl animals
demonstrated a lack of tissue colonization (Alton, 1968). Use of thislReas drastically reduced disease
prevalence among small ruminants in many countries, although insofffi@ccine coverage or lapses in

vaccination have resulted in re-emergence (Yetrat}, 2013 Banai, 2002).

OtherBrucella vaccines have been developed and utilized in select countriedB. $iestrain 2 vaccine
is an attenuateB. suis strain used in China for vaccination of small ruminants, cattle, and swimg éral., 2013).
The vaccine is administered orally via drinking water. Bhabortus strain 82 vaccine has been utilized

exclusively in the Russian federation (Ilvarebal., 2011). Other vaccines are in the research pipeline. There is
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currently no shortage of studies on genetically engineered strairsibnanit vaccines; however, most candidates
have been evaluated only in mouse models. There has been little progmessitabbratory models to natural
hosts (Yanget al., 2013 Olsen & Tatum, 2010). There is a significant need for improvedttickvaccines that are
of reduced virulence yet high immunogenicity and do not interféresgrological tests. In addition, effective

vaccines for use in swine are lacking (World Organization for Animal He009c).

Much work has also been devoted to development of a vaccine for huiiitar® is considerable need for
vaccination of humans in disease endemic areas and vaccination of Ua&yméitsonnel, aBrucella is a category
B select agent and has previously been weaponized (Petga®0086 Perkinset al., 2010). While there has been
historic use of live attenuated vaccine strains in humans in the formiet Smion and China, these vaccines often
caused disease and hypersensitivity reactions and were of limited effe&inset al., 2010). As with the
livestock vaccines in the research pipeline, most human vaccine candidatesliideen applied in mouse
models. While subunit vaccines are attractive because of their safety, thadgenic antigens drucella are
poorly characterized. Furthermore, there is evidence that there may bentidfferecognition oBrucella antigens
by different hosts (Liangt al., 2010). As a result, efficacy of vaccine candidates in mouse modelsenaagydor

predictor of efficacy in human or livestock hosts.

1.9) Diagnosisof Infection

Similar to the scenario with vaccine development, a perfect test for the dmghbsiicellosis remains to
be developed. Definitive diagnosis in livestock and humans is providgdby detection oBrucella organisms or
DNA via culture or polymerase chain reaction (PCR) techniques, respectivelpugdtiticulture is the gold
standard, this technique often has poor sensitivity depending on the éxisssgnd duration of infection. It also
carries considerable risk for laboratory staff and is optimally performatiigh security laboratory by skilled
personnel. As a result, diagnosis has relied on indirect methods, prithardgtection of anBrucella antibodies
in serum. The choice of serological test depends on the host specigagtizstic goal, and the laboratory
capabilities. The absence of pathognomonic signs in human and livessiskrtake laboratory tests essential for

accurate diagnosis of brucellosis.
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1.9a) Serological Testing

There are a number of excellent reviews on the serological tests utilizednosigagf brucellosis in
livestock (Nielsen, 200Nielsenet al., 2004 Nielsen & Yu, 2010Gall & Nielsen, 2004Godfroidet al., 2010)
The OIE Manuals of Diagnostic Tests and Vaccines for Terrestrial Animals also pdevédied descriptions of the
approved tests for each livestock speci@sr{d Organization for Animal Health, 2009&/orld Organization for
Animal Health, 2009pWorld Organization for Animal Health, 2009cyhe diagnostic tests currently in use for the
diagnosis of human brucellosis are often identical to those utilized in livestockave been reviewed by Araj
(Araj, 2010). In livestock diagnostic tests are performed for theogagof screening or prevalence studies,
confirmatory diagnosis, certification for the purpose of trade, aneg#lance post-disease eradication. The
importance of false positives and false negatives differs for each ofdihiestives, thus influencing test choice.
Serological tests are primarily derived from research on bovine brucellatighate killedB. abortus organisms
or B. abortus LPS are typically utilized as antigen in the tests. The humoral immunensesfmosmootiBrucella
species is predominately to the O-polysaccharide of the LPS molecudeto Bimilarities in their LPS structure, the
diagnostic tests currently used generally work equally well in detectiBnatiortus, B. melitensis, andB. suis
(Godfroidet al., 2010) Diagnosis of infection caused by the rough speBiesnis andB. ovis requires specific
tests that utilize outer membrane proteins as antigens (Araj, 1999). tfgnmenventional serologic tests utilized
for human diagnostics do not det8ctcanis, infection with this species may be underdiagnosed in humans ¢Lucer

etal., 2010).

The most common serological tests utilized in both livestock and huamatise serum agglutination test
(SAT), the complement fixation test (CFT), buffef@dicella antigen tests including the Rose Bengal test (RBT)
and the U.S. Card test, ELISA, and the fluorescence polarization assay (FRARQAQ Godfroidet al., 2010)
The SAT was developed in 1897, and while this test is no longer rezoded for the diagnosis of bovine
brucellosis by the OIE, it still is utilized in human medicine (Araj, 20¥0rld Organization for Animal Health,
20093. The test is performed in tubes or microtiter plates by reacting a solutidrot# Bvucella cell antigen with
serum dilutions. With serum from seropositive individuals, large emdgtibody complexes form and precipitate
at the bottom of the tube, the detection of which is facilitated with a diye.réQuired overnight sample incubation,

low specificity, and relative inability to diagnose infection in chronic casesoddetection of primarily IgM are
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major drawbacks of the SAT. The CFT offers the advantageprbirad specificity; however, it requires a large
number of reagents and is technically challenging. This test hasdaliyobeen used as a confirmatory test for
bovine brucellosis but is beginning to be replaced by ELISA and FPA(sttd Organization for Animal Health,
20093. The CFT allows for the detection of IgM and IgG aBitucella antibodies that are able to activate
complement. In contrast, the buffer@clcella antigen tests are among the simplest to perform, inexpensive, highly
sensitive, and among the few serological tests that can be used insetfielg. This is advantageous as many
brucellosis endemic areas have minimal laboratory capabilifiegperform these tests, stained whBiecella cell
antigen is utilized at an acidic pH to encourage agglutination by IgG over IdMrgmove specificity. The antigen
mixture is mixed with a serum sample on a plate and the degreglofiagtion assessed over a period of several
minutes. The buffereBrucella antigen tests are commonly used as screening tests for bovinepaine ca
brucellosis, and there is renewed interest in this test for human diagnepticgadly in resource poor disease
endemic areas. When compared with other more sophisticated and exgensiogical tests including the SAT,
competitive ELISA, and others, the RBT was found to perform equallyin the diagnosis of both acute and
chronic human brucellosis (Di&zal., 2011) The ELISA assays utilized in the diagnosis of brucellosis include the
indirect (iELISA) and competitive (CELISA) varieties. These tests have biggitavity and specificity and are good
choices for diagnosis of focal and chronic brucellosis. ELISA is alsonmmly utilized for diagnosis in livestock,
and the cELISA is highly useful in countries that use the sni®athortus S19or B. melitensis Rev. 1 vaccines.

The cELISA and FPA assays are the only serologic tests available in whilbdgmresulting from vaccination
typically will not react giving a false positive result (Nielsen & Yu, 20Ni@lsenet al., 1996). The FPAis a
recently developederological test that allows for diagnosis of infection based on the praoipatrtymaller

molecules rotate at faster speeds in liquid medium. When serum Boneealla positive animals added to a
solution containing fluorescently-conjugatBcicella antigen, the large antigen-antibody complexes that form will
rotate slower than unbound antigen. The change in rotational speedlobthedent molecule is measured with an
instrument using polarized light (Nielsenal., 1996). The FPA assay has high sensitivity and specificity in
humans, cattle, and goats (Lucet@l., 2003 McGivenet al., 2003 Ramirez-Pfeifferet al., 2006), is relatively

simple to perform, and testing can be done in a field setting witthethBPA instruments.
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Of final note, the serological tests described here have poor specificity i @warld Organization for
Animal Health, 2009c). The control of swine brucellosis sufiemnfthe lack of an effective diagnostic test as well
as the absence of a vaccine. The primary reason for the poonpaaréer of theBrucella serological tests in pigs is
cross-reaction with other bacterial species. The O-side-chains on$hmdlBcules ofersinia enterocolitica O:9,
Vibrio cholerae, Francisella tularensis, Salmonella O:30,E. coli O:157 and several other species are similar in
structure to those of brucellae (Araj, 20Dbaz et al., 2011). The antibodies produced by a host upon infection with
these bacteria will bind to the antigen use8incella diagnostic tests leading to false positive resutts.
enterocolitica O:9 infection is common in swine, and thus positive resultdronella serological tests could be an
indication of eitheBrucella or Y. enterocolitica infection. The cross-reacting pathogens are less common in other
livestock species, but false positives are still a concern in these hobtenan diagnostics, cross-reactivity is of

little concern since these pathogens cause different symptoms thansbosatad wittBrucella infection.

1.9b) Cultureasa Gold Standard

The detection of an®Brucella antibodies indicates only potential exposur8itacella species. A positive
serological test does not necessarily indicate current infection. Converseliiubwih and livestock hosts can be
antibody-negative but disease positive (Godfedid., 201Q Ogrediciet al., 2010). Only culture and molecular
techniques can definitively establish the presence of infection as well as detdreBnucella species responsible.
Valid clinical samples for culture include blood, bone marrow, joint feganen, and cerebral spinal fluid in
humans and aborted fetuses, fetal membranes, vaginal secretions, sperbipadl and joint / hygroma fluid in
animals (Francet al., 2007 Troy et al., 2005 Godfroidet al., 2010). Farrell’s medium is most commonly used for
culture of potentiaBrucella species from tissue samples; however, various other selective medizekavetilized
in an attempt to increase yielddr et al., 2010, Marin et al., 1996aMarin et al., 1996b) These media contain
several antibiotics capable of inhibiting the growth of other bacteria presdimidgal samples.Blood samples have
traditionally been cultured using biphasic medium such as Castaneda neediarious subculture techniques.
However, these methods det8cticella species in only 40-90% of acute human cases and 5-20% of chronic or
focal cases. Diagnosis may also be substantially delayed as occasionally inctilnascas long as 6 weeks are
necessary (Araj, 2016Grancoet al., 2007). For human samples, automated culture systems have lapdated

these traditional methods (Yagupsky, 1999). The result has been IBigterof detection and shorter incubation
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times. The duration of bacteremia in patients is poorly characterized; howeverfosatafection develops fewer
brucellae are present in the blood resulting in decreased sensitivity ofdoibwe in patients with chronic
brucellosis. The duration and degree of bacteremia is also likely species specific, Wwithaavd canine hosts

exhibiting bacteremia for months to years after infection (Hollett, 2066steet al., 2013).

1.9¢) PCR and Other Molecular Techniques

A number of PCR methods exist for detection and differentiati@rudella species. While the techniques
were originally developed for detectionBrfucella DNA extracted from cultures, PCR has been successfully
applied for direct detection @rucella in clinical samples (O'Learst al., 2006 Di Giannatalest al., 2009 Hinic et
al., 2009 Capparelliet al., 2009 Amin et al., 2001, Hamdy & Amin, 2002Zervaet al., 2001, Queipo-Ortuncet al.,
1997 Meltzeret al., 201Q Vrioni et al., 2008). Both genus- and species-specific assays are available, with
primarily the genus-specific assay performed directly on clinicapkesm The most utilized techniques are based on
detection of 16S rRNA, thkS711 insertion sequence, or a 31 kDa outer membrane protein (BCSP3é&au(yzi
al., 2006 Queipo-Ortuncet al., 1997 Godfroidet al., 2010). Species-specific assays include: the AMOS PCR
method, which is a multiplex assay named for the species it can d&talbrtus, B. melitensis, B. ovis, andB.
suis) (Bricker & Halling, 1994 Bricker, 2002); the Bruce-ladder method, which can differentiate all butfdhe o
currently knowrBrucella species and the vaccine strains RB51, S19, andIR@&arcia-Yoldiet al., 2006 Lopez-
Goniet al., 2008 Mayer-Schollet al., 2010); and a new method developed by Hinic, which can diffaterihe
classicaBrucella species by both conventional and real-time systems (limic, 2008) A multiplex real-time
PCR assay has also been developed for differential diagnosis of extoajpuy tuberculosis and complicated
brucellosis, as both present with similar clinical signs and are endemidda,Afatin America, the Middle East,

and India (Sanjuan-Jimenetal., 2013).

It is difficult to assign sensitivity and specificity values to PCR techniques #irere is no standardized
method applied. While some authors have reported improved levels of deteetiarulture methods (Queipo-
Ortunoet al., 1997 Hinic et al., 2009), this is not universal (O'Leaatyal., 2006). An early application of the
BCSP3 genus-specific PCR assay for detectidro¢ella DNA in peripheral blood samples from human patients

found PCR to have 100% sensitivity compared to 70% sensitivity of cureipo-Ortuncet al., 1997). Brucella
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DNA has also been detected in the blood of many patients several yeacsmijpdetion of antibiotic regimss and
disease eradication based on absence of symptoms, negative serologicabtestgative culture results (Vriodi

al., 2008). This is further evidence for the high sensitivity ofeoular techniques.

PCR methods are utilized to diagnose infection, monitor treatment respdmsman patients, and identify
theBrucella species responsible for infection. Since PCR methods are not able touisstibigvars within a
species, various DNA typing techniques have also been developed. ¥éaeduing brucellosis outbreaks, these
techniques often allow the source of infection to be determined. For examuttieloci variable number tandem
repeat assays (MLVA) have been used to determine that elk are the pouery oBrucella infection in cattle
and farmed bison in the GYA of the western U.S. @t al., 2013) and that Alpine ibex were the source of a

spill-over event oB. melitensisinto cattle and humans in France (Matlal., 2014)

1.10) Treatment of Disease

There are a limited number of antibiotics available for the treatment of brucellesie the localization of
brucellae in a protected intracellular niche. A long-term multi-drug regimenecessary to prevent treatment
failure and later relapse in human patients. While antibiotic treatment of livésteddeen shown to successfully
eliminate infection based on cessation of shedding in milk and abselnaeellae in tissues cultured at necropsy
(Radwaret al., 1993 Radwaret al., 1992), slaughter of positive animals is recommended for putsithhreasons.
Treatment regimas in humans have changed little over the years. A recent revidimio&l trials indicates that
the WHO recommended combination therapy of doxycycline for 45atay/streptomycin for 14 days remains the
most effective treatment for uncomplicated cases (Corbel,, 8108 Garcia del Pozo & Solera, 2012). While
streptomycin is the most common aminoglycoside utilized in this catibmtherapy, it can be replaced with
gentamicin and administration shortened to 7 days with no impact emér@soutcome. A combination of
doxycycline and rifampin for 45 days is actually the most contynanescribed treatment, although it is associated
with higher relapse rates than the former strategy (Solis Garcia del Pozo & S@l&p, Phe replacement of an
aminoglycoside with rifampin is more convenient since aminogigesgequire parenteral administration and thus
daily visits to a healthcare provider. In a limited number of studfespin has also been used in combination with

a quinolone such as ciprofloxacin with similar treatment success (Solis Galr€lazb & Solera, 2012)
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Doxycycline is contradicted in young children due to the potential for inhibifiddone growth and permanent
staining of deciduous teeth, and combinations of co-trimoxazole and réfidingpin or an aminoglycoside have been
successfully used (Solis Garcia del Pozo & Solera, 20&ébel, 2006). Shortening the treatment regitne
described above or use of monotherapy is associated with unacceptabbldygle rates (Solis Garcia del Pozo &

Solera, 2012) Treatment failure is not believed to be associated with antibiotic resistance @hiekiad., 2006).

Treatment of complicated brucellosis including osteoarticular disease andmieetiaisis often requires
months of treatment and triple antibiotic regimtsgTroy et al., 2005 Vrioni et al., 2014 Erdemet al., 2012). A
retrospective study of neurobrucellosis treatment in 215 patientdegd@verage treatment duration of 4.5-6.5
months depending on the antibiotic regithadministered (Erdert al., 2012). The use of the extended-spectrum
cephalosporin ceftriaxone in combination with rifampin and dosijiey was found to be the preferred treatment
choice due to ceftriaxone’s high diffusion rate into the cerebral spinal fluid. In skeletal and cardiac complications
associated with brucellosis, surgical intervention is often necessary innaiiobiwith antibiotic treatment. In a
retrospective study of brucellosis cases in San Diego, CaliforniaZ patients with radiographic evidence of
osteoarticular disease and/or positive joint or bone cultures required suggiddedhent of the infected bone (Troy
et al., 2005). In a retrospective study of endocarditis in Spain, 8 p&fiénts required cardiac surgery (Regutra
al., 2003). The authors indicated that valve replacement is the treatmentcaf ichpatients presenting with severe

aortic valve insufficiency and left ventricular failure.

While treatment strategies have not changed dramatically in recent yeaefiniteon of a successfu
treatment outcome has been newly questioatizances in PCR techniques have allowed for the measurement of
microbial load upon disease presentation and then again post-treatroeiding a definitive assessment of
treatment success for the first time. Since antibody titers oftentgetkigving treatment and in many cases
Brucella cultures are negative in diseased patients, serological tests and culture nesaltstiguous
measurements of a disease cure. Detecti@nugella DNA in patients years after “successful” treatment suggests
Brucella may persist in some individuals in a latent state much like in tuberculosis {©@@ted., 201Q Castano &
Solera, 2009Vrioni et al., 2008 Younget al., 2002) The goal of treatment may have to be redefined. The choice

of antibiotic therapy likely depends on whether the treatment objectigeatution of symptoms or microbial
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eradication. A recent study is the first to compare the efficacy of two arttibegiments based on their success at
eliminatingBrucella DNA from the peripheral blood (Vriort al., 2014). The results indicate that a triple

treatment regimet is superior to the OIE recommended standard in terms of microbial eradication

1.11) Rationalefor Current Study

The overall aim of the research described in the next three chaptersdidsbisation was to study
Brucella infection in the natural host, both in a field and laboratory setting. Mifitte current knowledge on
brucellosis originates from work in a mouse model; however, micesistant to infection witB. abortus, B.
melitensis, andB. suis biovars 1-4the Brucella species which are of concern in livestock and human hosts. Only
minor species such &s suis biovar 5,B. neotomae, andB. microti are naturally found in rodents (Godfratial.,
201)). As aresult of this natural resistance, mice do not develop the characteristittiotipe lesions observed in
ruminants, and instead mount an effective immune response to cleiom{@rillo et al., 2012) The study of

disease pathogenesis and immune defect thus necessitates a ruminant host.

Findings from field observations aBducella experimental infection studies in ruminants have primarily
been published Rates of abortion and levels of tissue colonization (Alexaeidar, 1981, Manthei & Carter, 1950
Thomsen, 1950); the degree of shedding in uterine secretions an@Emitkinger & Schlam, 1943lexanderet
al., 1981); and the histological changes in placental membranes and dbtused resulting from infectidrave
been investigated (Xaviet al., 2009). Most of these studies, however, were published 25-76 3gaand were
almost exclusively performed in cattle. When goats were utilized, it was aded anganism for bovine
brucellosis. There are more studies conductel. @bortus infection in goats (Andersost al., 1986a Andersonet
al., 1986h Meadoret al., 1989 Meador & Deyoe, 1988Veadoret al., 1988) than on the naturally occuigiB.
melitensisinfection The select studies performed wiBhmelitensis have primarily been carried out in sheep (Shimi
& Tabatabayi, 1981Tittarelli et al., 2005), which for the most part do not develop as severe an infection as goats
(Alton, 1990a). While some vaccination and challenge studies have provided basic informaBomelitensis
infection in small ruminants (Alton, 196Blberg & Faunce, 195Entessact al., 1967 Edmondset al., 2002 Elzer
etal., 1998 Elzeret al., 2002 Perryet al., 201Q Phillips et al., 1997 Roopet al., 2001), much of the text on caprine

disease is simply extrapolated from work on bovine brucellosiss, There remains a need to study basic
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pathogenesis d@. melitensis infection in goats including rates of abortion, degree of sheddingiime secretions
and milk, and tissue distribution and burden. In the present 8tedg basic characteristics of infection were
compared in goats infected with viruldhitmelitensis and the attenuate®l melitensis vaccine strain Rev. 1The

results are presented in chapter 3.

The subsequent objective was to determine the components of thaemasponse that are differentially
active in groups of goats infected with virulent or attenuBtadelitensis strains. Tahe author’s knowledge, this is
the first study to directly compare the “successful” immune response elicited by vaccination with the “unsuccessful”
response elicited after infection with a fully virulent strain. It is also the firsy stulbok at specific components of
the cell-mediated immune resporns&ivo in B. melitensis-infected goats, including the activity of COR

lymphocytes and y8 T cells. The findings of this work are described in chapter 4.

The laboratory components of this dissertation were informed byrés&hrch in Mongolia. A gap in
knowledge exists in Mongolia and much of central Asia on disease prexatba species @&rucella circulating in
livestock and humans, and optihtontrol strategies. | sought to fill some of these gaps by studisegse
prevalence and risk factors for infection, as well as by evaluating aiagmnogtic strategy. The conclusions drawn
from my laboratory studies on disease pathogenesis also serve to benefit the Moriguolia, providing

knowledge on the specific public health risks associated with various dpendictices.
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CHAPTER 2: DETERMINATION OF THE PREVALENCE OF ANTIBODIES TO BRUCELLAIN MILK

OF CATTLE AND YAK IN THREE REGIONS OF MONGOLIA, 2014

2.1) Introduction

Brucellosis is one of the most common zoonotic diseases worldwide (Rajppa2006). Caused by gram
negative bacteria of the genBraucella, brucellosis is predominately a disease of domestic animals; hovtaser,
highly transmissible to humans. Cattle, small ruminants, and pigsremeg the primary hosts. Endemic in the
Middle East, Mediterranean Basin, Central Asia, and parts of Africa and South aral 8erdrica, brucellosis
affects the world’s poorest populations. With significant impacts directly on human health as well as on the
productivity of livestock that serve as these people’s main source of subsistence, brucellosis has major health and
socioeconomic effects worldwide. In a study of over 75 diseases @adf¢igestock, brucellosis was determined to

be one of the 10 most important in terms of impact on impoverishedepéegrry, 2002).

Mongolia is one country in which brucellosis has an ongoing and isgmifimpact. Mongolia was
considered to have the second highest incidence of human brucellibgisnarld a decade ago (Pappbal.,
20006, but knowledge of current disease incidence and epidemiology in thig'yauad all of Central Asia remains
poorly described(Deanet al., 2012). Brucellosis is a re-emerging disease in countries ofrinerf&oviet Union
and former Eastern Bloc satellite states, including Mongolia. Economic instabilityifodidhe collapse of the
Soviet Union in 1990 led to a lapse in veterinary care and disease costisinmnes (Pappasal., 2006 Fogginet

al., 2000).

Vaccination of cattle and small ruminants with S19 and Rev. 1 vaccines igolflobegan in the 1960s
with assistance from the World Health Organization (Denes,,}¥a8dr, 1995). The Mongolian vaccination
program in small ruminants from 1975 to 1985 is regarded@®bthe largest and most successful brucellosis
control programs conducted worldwide, with approximately 33 milliomats vaccinated. Human incidence of
brucellosis was reduced from 48 per 100,000 in 1974 tog@2200,000 in 1981 (Elberg, 1996). Although control
programs reduced both animal and human brucellosis during floe p&€Soviet influence, vaccine coverage was

insufficient for eradication. Persistence of disease in livestock allowead-&anergence of brucellosis when
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vaccination ceased after the collapse of the Soviet Union, and cases of bugetbash humans and animals
spiked in the early 1990’s. According to Mongolian ministry of health data, human brucellosis incidence rates in
1992 were 115 per 100,000 (Rackal., 2013), however, it is estimated that only 2-3% of cases are actually

diagnosed and recorded in official ministry of health data (Rath, 2012)

In response to the re-emergence of brucellosis a formal national cangodm was put in place from
2000 to 2010. The goal of this program, eradication of brucelys2010, was not achieved, in part due to
insufficient vaccine coverage (Rothal., 2012). The current national livestock brucellosis elimination program
assures significant funding for brucellosis control from 2010 to 26®&1the goal of eradicating brucellosis in all
animals by 2015 and achieving official brucellosis-free status by 202th the most recent national brucellosis
serosurvey in livestock conducted by the government in 2011, andltheross-sectional surveillance study in
Mongolia published to date performed in 2010 (Zolzetya., 2014), the current picture of brucellosis in Mongolian
livestock requires further investigation. It is essential that prevalence be mositdiet the control program can
be evaluated and adjusted. Without constant assessment of disease stetosiaation coverage the goals of the

current control program will again not be realized.

Results of the 2011 national brucellosis serosurvey and the 2@3s&ctional surveillance study
conducted inwo of Mongolia’s 21 provinces were inconsistent. According to government data, the countrywide
brucellosis seroprevalence was 1.8% in cattle, 0.7% in sheep, 0.5% in go&3g%rid camels (Tsend al.,

2014. The cross-sectional surveillance study, however, found ss@pnces in Sukhbaatar and Zavkhan
provinces to be 16.0% in cattle, 6.2% in sheep, 5.2% in goats, 2.5% in c88@sn horses, and 36.4% in dogs
(Zolzayaet al., 2014). Since only two provinces were sampled, and Sukhbaatarsilered to be a region of high
brucellosis prevalence within Mongolia (Zolzagtal., 2014), the question remains as to whether brucellosis is
maintained in livestock to these levels countrywide. The aim of the present stady expand the current
understanding of brucellosis epidemiology in Mongolia by studypiegalence of disease in two additional
Mongolian provinces, Khuvsgul and Bulgan. Several districts inrthvinze of Khuvsgul are highly mountainous
and semi-nomadic herders in the area utilize yak and cow-yak hyheidag) for milk, meat, fiber, and

transportation of possessions. Although yak play an impgadémin brucellosis epidemiology and public health in
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regions of India (Bandyopadhyayal., 2009) and Nepal (Jacksenal., 2014), little is known about brucellosis in

yak andheinag within Mongolia.

In 2001, a field based test for detectiorBoficella antibodies in cow milk by fluorescence polarization
assay (FPA) was validated (Nielsatral., 2001). This assay is highly underutilized, and to our knayelethis test
has not been applied in Mongolia. Advantages of milk FPA include: applicabifigiddesting, high sensitivity
(100%) and specificity (99%), no cross-reaction with antibody elicitechbgination, and the ability to utilize a
sample that can easily be acquired by non-invasive means andtwitherinary assistance (Nielsen & Gall, 2001)
Thus, the objective of this study was to use FPA to identify antibodiegkrsamples and estimate the proportion
of Brucella positive cattle, yak, and heinag in three regions of Mongolia. Additigmattvalence of brucellosis in
herd owners was assessed via questionnaire. The final aim was to adqtrination from herd owners regarding
animal husbandry practices and herd health and to utilize this infornatidentify individual-and herd-level

characteristics that are predictive for brucellosis.

2.2) Materialsand M ethods
2.2a) Study Design

This cross-sectional study was conducted during June and Julyr2@ial provinces dimags) of northern
Mongolia, Bulgan and Khuvsg(Figure 2.1). Within Bulgan province, sampling was performed exclusivetizén
district (soum) of Orkhon. Khuvsgul province is divided into more governtaletiistricts, from which two

sampling locations were selected: Bayanzurkh and Renchinlkhumbe.

i) Inclusion Criteria

Households were selected for convenience sampling by a local veterinag@areanmental official.
Four sampling sites (villagebdgs) 1, 2, 3, and 4) were selected in Orkhon and three sampling sitesselected in
both Bayanzurkh and Renchinlkhumlbads 2, 3, and 5 antlags 1, 4, and 6 respectively). These sites were chosen
using a combination of factors including established relationships witkrdsardthese areas, local interest in our
study, and accessibility. Participation in the study was voluntatyydhouseholds declined inclusion. A total of

77 households participated in this study including 34 from Orkbéifirom Bayanzurkh, and 19 from

65



Renchinlkhumbe. A total of 549 milk samples were obtained, @ ©rkhon, 169 from Bayanzurkh, and 101

from Renchinlkhumbe. Animals included in the study were cattle,armkheinag.

i) Milk Sampling
Milk collection vials (1 vial per animal) were distributed to the selected househaldi$ierd owners
allowed to choose the animals sampled. Up to ten animals were sampledgedvahd, depending on the number

of milking animals owned. From each, 10 ml of milk was collected.

Sampling Areas

1 Soum sampling locations 7 ey

Aimag sampling locations .+~ e,
% Soum Center ¢ <// b o o
~ >

Pt A KHUVSGUL

BULGAN

Geospatial Centroid
Colorado State University

Figure2.1. Location of provinces (light grey) and districts (dark grey) molr sampling was conducted.

2.2b) Testing for Anti-Brucella Antibodiesby Milk FPA

Milk was tested individually from each animal selected. In most casesltheas stored overnight to
allow lipids to separate to the surface, and the sample was tested the sutd@gué\Brucella abortus Antibody
Test Kit (Brucella FPA, Ellie LLC, Wisconsin, USA) was utilized on all samples APA assay was performed

according to manufacturer’s instructions. Briefly, 10 pl of milk serum (whey) was added to sample diluent. Blank
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intensity readings were obtained on a Sentry {(&PA Instrument (Diachemix, Wisconsin, USA). A second
intensity reading was subsequently taken after addition of 10 pl of antigen-fluorescein conjugate. The instrument
automatically subtracts the background reading and presents a result inlanigimn units (mP). Since
polarization readings are affected by temperature, all test results were reported as AmP, which was calculated by
subtracting the average mP reading of a negative control from eacle safp A single positive control and three
replicates of a negative control were run every hour or if a temperature changbserved. Any samples with

positive AmP readings were re-tested in duplicate using 20 pl of sample.

The assay was modified slightly in Khuvsgul province to accommodateijlakwhich has a higher fat
content. In an attempt to improve sample transparency5€Qnilk was added to 30 pl of ClearMilk™ Buffer
(Ellie LLC, Wisconsin, USA), which causes milk fat to congeal. Aftemanbation period, 1Q0 ul of milk serum

was removed and tested using the FPA protocol described above.

2.2c) Characteristics Associated with Brucella Infection

For each animal included in the study, species and age were recorded aastheelGPS location where
sampling occurred. Basic herd level data were also collected by administradisareky to the head of household
or a family member responsible for milking. Information collected irediuderd size for each livestock species
owned and the number of abortions observed for each species over thegpast

Human disease was also studied via administration of a questionnaire. Headseholds were asked of
the presence of symptoms of joint pain or fever in the family anduimer of family members ever previously
diagnosed with brucellosis by serological test at a local hospital. Additioaalyjyset of sampled households in
Renchinlkhumbe were questioned about husbandry practices and otliectosk including consumption of raw

milk, disposal of aborted fetuses, assistance with calving and uka/e§gand herd movement following abortions.

2.2d) Data Analysis

Prevalence of anrucella antibodies in milk were calculated both at the individual animal and herd

levels. Numbers of test positive and suspect animals were combined tatedludividual animal prevalence.
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Herd prevalence was determined by considering any herd with at least oneefosstispect animalBrucella

positive herd.
On initial FPA test, all samples with mP readings below the negative contebetrmined to be
negative for antBrucella antibodies and were not subjected to re-test. For re-tested milk, sampletassifeed

as negative, suspect, or positive using the criterizabie 2.1.

Table2.1. Criteria used for classifying milk samples as negative, suspect, and pbgitiRA.

Negative Suspect Positive

Initial test: <0 mP; no re-test Retest: Both samples 10-20 mP Retest or Initial Test: Two samples
>20 mP

Retest:  Both samples <10 mP  Retest: One sample 10-20 mP, ont Retest: One sample >20 mP, one
sample <10 mP sample 10-20 mP

Retest: One sample >20 mP, one
sample <10mP
@Readings given are AmP, calculated by subtracting negative control mP from corresponding sample mP readings.

Animal age and species were evaluated as potential characteristics associated withibraiciléos
individual animal level, while numbers of abortions and herd size were &@las potential herd level factors.
Characteristics of test positives were compared to those of test negatives. Desanigliysis was utilized since the

number of positive and suspect samples was small.

The study was approved by the Institutional Animal Care and Use Committeéocdd@oState University
The questionnaire component of the study was part of a larger assessmenhadfiidatigolian herders conducted
by Montana State University, and approval for human sampling was bystiitetional Review Board of Montana

State University. Information regarding test positive animals was sh#tetbeal veterinarians.

2.3) Results
2.3a) Householdsand Animals Studied
Milk from a total of 549 animals was collected from 77 households. Appately equal numbers of

animals were sampled in Bulgan and Khuvsgul provinces; however, maselolds were sampled in Khuvsgul
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due to smaller average herd size in this province. Overall, cattle comprigedjtngy of animals in the study. Of
the milk samples collected, 56% were from cattle, 24% from yak, and 13%é&ioag (Table 2.2). The remaining
7% (n=39) of samples were brought to the testing site by herd owndrtyeanimal source of the sample was not
specified. These samples were included in the analysis since thegimdgirom one of the three species

represented in our study; all 39 of these samples were found to be testaneg&RA.

Animal types were not equally represented across all sampling loc@fialnie 2.2). In Orkhon, cattle
were exclusively sampled due to the scarcity of yakreimhg in that region of Mongolia. In the more
mountainous areas of Bayanzurkh and Renchinlkhumbe, ofyof 5ampled animals were cattle, while 48% were
yak and 26% werkeinag. This sampling distribution represents the approximate prevaleticeseflivestock

types in the region.

Table2.2. Sample size by species and study region.

Cattle Yak Heinag Spp. Unknown Total

Bulgan Province 279 (100%}) 0 0 0 279
Orkhor 279 (100%) 0 0 0 279

Khuvsgul Province 30 (11%) 130 (48%) 71 (26%) 39 (15%) 270
Bayanzurkl 5 (3%) 83 (49%) 44 (26%) 37 (22%) 169
Renchinlkhumb 25 (2504) 47 (46%) 27 (27%) 2 (2%) 101
Total 309 (56%) 130 (24%) 71 (13%) 39 (7%) 549

#Percentage of the total number of animals sampled within that regioeisigiparentheses.

2.3b) Prevalence of Antibodiesin Milk

The apparent overall prevalence of dticella antibodies in milk was 2.0% (95% CI 1.0-3.6).
Renchinlkhumbe had more than twice the prevalence of the other distristsydroconfidence intervals are large
and overlappingTable 2.3). Herd level prevalence was higher with 10.4% (95% CI 4.6-19.4) of tireeholds
sampled owning at least one positive or suspect animal. Widespread prdsertdeodies in milk withinBrucella

positive herds was not observed; only two herds were found erhakltiple test positive or suspect animals.
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Test positive and suspect herds were also isolated cases. In general, atdinédgnoups of neighboring
households to owBrucella positive animalgFigures 2.2 — 2.4). In Orkhon, however, animals sampled to the west
and south of the district center were all negative, while the five animaid to beBrucella positive or suspect

were north of the district center near the neighboring district of Burghthe city of ErdendFigure 2.1).

Table 2.3. Prevalence of anBrucella antibodies in milk at the individual animal and herd levels.

Number Sampled Number Positive Number Suspec Prevalenck  95% ClI

Overall Individual 549 3 8 2.0 1.0-3.6
Bulgan Province

Orkhon 279 1 4 1.8 06-4.1
Khuvsgul Province

Bayanzurkh 169 0 2 1.2 01-4.2
Renchinlkhumbe 101 2 2 4.0 1.1-938
Overall Herd 77 2 6 10.4 46-19.4
Bulgan Province

Orkhon 34 1 3 11.8 3.3-274
Khuvsgul Province

Bayanzurkh 24 0 2 8.3 1.0-27.0
Renchinlkhumbe 19 1 1 10.5 1.3-33.1

@Prevalence was calculated by combining test positive and suspect results.witlerat least one positive or
suspect animal were considered positive.
2.3c) Characteristics Associated with Brucellosisin Livestock

Animal age and species were evaluated as potential characteristics associated withibruéaltosls
found to have antBrucella antibodies in their milk were older th&nucella negative animals. Mean age of tie
test positive and suspect animals was 8.3 + 3.2 years. All of these ananalgver 6 years of age, except one test
suspect cow in the district of Orkhon that was 3 years of age ando@sésteheinag in Renchinlkhumbe for which

age information was not record€fiable 2.4). Mean age of test negative animals was 6.4 + 2.3 years.

Yak andheinag were observed to have higher prevalences of antibodies in milk compaate¢r able
2.5). Heinag, although comprising only 13% of the animals tested, represented 27&6tes$tipositive and suspect

animals. In Khuvsgul, where all 3 livestock types were present, no cattle wedetéolie positive or suspect.
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Potential herd characteristics associated with brucellosis including herd sizenaslvet s10f abortions were
also evaluated. Herd sizes were highly variable in the regions studied; hothissvergs not found to influence
brucellosis prevalence. Herd sizes of cattle, yak hamhg, which are kept together in mixed herds, varied from 7
to 200 animals in the households sampled. Median herd size vea@34ls in test positive/suspect herds and 29
animals in negative herds. Size of goat and sheep herds ranged focim 280 and zero to 1200 animals,
respectively. Households with test positive cattle owned marginally more gwat&( = 110) than households
with test negative cattle (median number of goats = 100). Conversely,@sheership was slightly lower in
households with test positive cattle (median number of sheep = 115jahseholds with test negative cattle

(median number of sheep = 123).

Herds Sampled

A Neg, Actual location /. Suspect, Actual location

@ Neg, Coincident © Suspect, Coincident

A Positive, Actual location

BULGAN

Geospatial Centroid
Colorado State University

Sources: Esri, USGS, NOAA

Figure2.2. Locations and test results of the 34 households sampled in the @iiktrist of Bulgan province. The
color of the point represents the herd level test result; 1 positive and 3tdusplscwere observed. Locations of 3
herds south of the district center were not recorded; these herds yatieee
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Herds Sampled
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@ Neg, Coincident
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Geospatial Centroid
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' L | ) Sources: Esri, USGS, NOAA

Figure 2.3. Locations and test results of the 24 households sampled in the Bayad@trict of Khuvsgul
province. The color of the point represents the herd level test result; 2 legedfound to be suspect. Herds were
in summer grazing area, which often fell outside of the district boundary

—

Herds Sampled

A Neg, Actual location @ Positive, Coincident

@ Neg, Coincident [l Suspect, Estimated location
B Neg, Estimated location

20, T o A
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Colorado State University
Sources: Esri, ILﬁSGSi‘NOAA
Figure2.4. Locations and test results of the 19 households sampled in the Rkhahibe district of Khuvsgul
province. The color of the point represents the herd level test repalsjtive andl suspect herd were observed.
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Abortions in cattle, yak, anaeinag were also not found to be a predictor of brucellosis in the hercheOf t
households sampled, 6.3% reported abortions in these three aninsabvgpehe past year. All herds in which
abortions were reported tested negative for brucellosis by milk FPAeld efrabortion in sheep were nearly twice
that in cattle, yak, ankeinag with 11.5% of households reporting at least one sheep abortion in thyeaast
Again, all of these households were negative for brucellosis in the gattleandheinag sampled. High prevalence
of abortion was observed in goats with 36.5% of households repattiegst one abortion. Of households with
cattle, yak, oheinag that were test positive or suspect by milk FPA, 50% reported abortionsrigahtherd.

While the maximum within herd abortion rate in goats was reported attBB%hree households that owned both

test positive cattle and aborting goats reported herd abortion rates-d3%.6T able 2.4).

Table 2.4. Animal and herd level characteristics of test positive and suspect animals.

Animal Herd Locatio?  Species Adge Cattle Sm. Rum. Cattle Goat B:I'Jlé(rarllfc‘ygis
ID? ID P 9 Herd Siz& Herd Siz& Abortion§  Abortions . :
Diagnosi$
1* A Okhon oo 8 21 113 0 1 0
Bag 4
2 g Orkhon W 10 31 500 0 0 0
Bag 4
3 g Orkhon 00 13 31 500 0 0 0
Bag 4
4 c  Orkhon 6 30 200 0 3 0
Bag 2
Orkhon
5 D Bag 2 Cow 3
6 g Bayanzur. . 10 30 200 0 0 0
Bag 5
Bayanzur. .
7 F Bag 3 Heinag 7 35 600 0 4 0
8 g  Renchin. 6 15 250 0 0 0
Bag 1
9* g Renchin. ey 13 15 250 0 0 0
Bag 1
Renchin. .
*
10 G Bag1  Henag 15 250 0 0 0
Renchin.
11 H Bag & Yak 7

@Test positive animals are indicated by an asterisk. All others are test suspect.

®Bayanzur. = BayanzurktRenchin. = Renchinlkhumbe.

“Cattle herd size includes number of cattle, yak, lsadag owned.

4Sm. rum. herd size includes number of sheep and cattle owned.

¢ Numbers of abortions are given for the past reproductive cycle. Cattle abortiae abortions in cattle, yak
andheinag.

"Human brucellosis diagnosis indicates the number of family merttisrseported previous diagnosis of
brucellosis by serological test at a local hospital. Responses to the questioenain@tveceived from alll
households.
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Table 2.5. Prevalence of anBrucella antibodies in milk by livestock type across the three districts sampled.

Number Samplec Number Positive Number Suspec’  Prevalencé 95% CI
Cattle 309 1 4 1.6 0.5-3.7
Yak 130 0 3 2.3 0.5-6.6
Heinag 71 2 1 4.2 0.9-11.9

#Prevalence was calculated by combining test positive and suspect results.

2.3d) Association between Livestock and Human Brucellosis

Prevalence of brucellosis in herders was assessed via questionnaireth®hallseholds sampled, 17%
reported that at least one person within the household had previouslyidgensed with brucellosis. No
association was found, however, between the presencéi-&rapella antibodies in cattle, yak, teinag milk and
reported disease in humans. Of the eight households with test posgiiv&pect herds, none reported previous
diagnosis of brucellosis in family membédisable 2.4). While three of these households reported the presence of
joint pain in at least one person, and two households reported presenarfiftfease symptoms were ubiquitous

among all the households surveyed.

2.3e) Husbandry Practices as Potential Risk Factorsfor Diseasein Humansand Animals

Nine households in the district of Renchinlkhumbe were surveyédawiexpanded questionnaire to
investigate practices in the local nomadic culture potentially associated with diseasésgi@mmsin animals and
humans. All families reported that they boil milk before consumptiambers of the majority of households
(89%) assisted with calving, and all handled newborns and placental matdriabvéthands. Direct contact with
fetal/placental material was also documented following abortions. All herders edinvygde an attempt to remove
aborted fetuses from the pasture. The majority of households (89#g buburned aborted fetuses, while one
herder explained that fetuses were put in a trash pile for birds to eat. Oaltpsiogs would consume fetal tissues
on pastureland before they were found by herders. When digpisiborted fetuses, only two households reported
that they sometimes used gloves or a stick to handle the material. Omlgum@hold reported that they made an
attempt to move their herds away from pasturelands on which abortiamseacto prevent other animals in the

herd from aborting.
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2.4) Discussion
2.4a) Significance

This study expands upon limited previous research on brucellddisrigolian livestock (Zolzayet al.,
2014, and provides disease prevalence information for two additional provBiglesmn and Khuvsgul. The
findings are applicable to the current national brucellosis control program igdii@n The study indicates that
brucellosis remains present at low levels in Mongolian cattle, yalkheinag despite a nationwide vaccination
program initiated in 2000. There are also broader implications. Theisttidyfirst to compare brucellosis rates in
yak, hybrids, and cattle, and suggests that yak and hybrideanayhigher disease prevalences. The study also

confirms the applicability of milk FPA for field testing in remote locations

2.4b) Prevalencein Livestock and Herders

Apparent prevalence of arirucella antibodies in milk is reported since to our knowledge FPA has never
been performed with samples from yak or hybrids, and thatsély and specificity of the test in these species is
thus unknown. The FPA has been found to perform well aereasety of species, however, supporting the
applicability to the current study (Nielsen & Gall, 2001). Brucellosisglegxce ranged from 1.2-4.0% within
cattle, yak, andheinag in the three study areas. This level of disease was lower than that reéperigevious
cross-sectional seroprevalence study; Zolzhgh found 7.8 and 15.3% of cattle to be seropositive in Sukhbaatar
and Zavkhan provinces, respectivel{4). Regional differences in brucellosis prevalence likely explain beth th
differences in prevalence reported by the present study and Zelzalyas well as observed differences in
prevalences in Orkhon, Bayanzurkh, and Renchinlkhumbe distriéficially reported levels of disease in cattle are
0.7% in Bulgan province and 2.3% in Khuvsgul province, accordiag?2@11 national brucellosis surveillance
study in which 2981 and 4096 cattle in Bulgan and Khuvsgul, respbgtivere tested by cELISA (Sugir, 2013)
Orkhon is one of 16 districts within Bulgan province, and Bayekirand Renchinlkhumbe are two of 24 districts
within Khuvsgul. The higher level of disease in cattle observed in Rekiahhmbe compared to Orkhon in the
present study may be explained by differences in vaccination coverageon@ildioser to the capital city of
Ulaanbaatar, and more consistently receives a supply of brucellosisevagéccording to a veterinarian in
Renchinlkhumbe, vaccine coverage in the district was only 50%. Vaccintttas ef the herds sampled was not

recorded since conflicting reports were obtained from veterinarians atetfier
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Herd level prevalence within cattle, yak, and hybrids in the three asgdesi was 10.4%. Herd
prevalence is most important from a public health perspective, a point illustyatéghdevels of human disease in
the area. According to questionnaire results, 17% of households tepoaiediagnosis of brucellosis in a family
member. In a previous questionnaire study, 15-18% of indivddoaavkhan and Sukhbaatar provinces reported
prior diagnosis of brucellosis, while serological testing of the sadieiduals revealed prevalence rates of 26-29%
(Zolzayaet al., 2014). A human seroprevalence study in Khuvsgul founddrid$2.7% of individuals and
households, respectively, to be positive for brucellosis (Teesid 2014). In a pilot project, which we conducted
in 2009 in the Renchinlkhumbe district of Khuvsgul province, 11% (nr@bBerders tested positive by card test

(unpublished data).

While human prevalence was only assessed by questionnaire in the presenhstrebsults suggest levels
of disease are considerably higher than those officially reportectld efreported disease increased as officials
from national to regional to local levels were consulted. According to National OSteitistical Data, in 2012
provincial labs in Bulgan and Khuvsgul detected only 1 and 18 aasp®ctively. However, the health department
in the provincial capital of Bulgan reported 4 cases in 2012, and the locabhos@rkhon district alone reported
that 20-25 people are diagnosed with brucellosis annually. Brucefiagsigportable disease within Mongolia, but
the differences in case numbers indicate that cases diagnosed in distiteidiasp often not included in national
statistical data. Discrepancies in case numbers are also due to new and relapsingasesbined in some
instances. This likely explains the high levels of disease reported Bykhen district hospital. Rates of relapse
are high in Mongolia with delay in diagnosis and insufficient treatmennesds playing a role. Treatment of
patients with acute brucellosis is reported to be for 7-10 days at therQulidtrict hospital and for a minimum of
20 days at the Bulgan provincial hospital, durations that fall well shdnediMorld Health Organization
recommended 6 weeks of treatment (Solis Garcia del Pozo & Solera&fib2l, 2006). These condensed
treatment regimas have been reported by others within Mongolia (Zolzhgh, 2014 Ebrightet al., 2003)
Effective antibiotics are also not applied in some cases. The Orkhon districtlgad Brovincial hospitals report
the use of doxycycline in combination with either a cephalosporin ¢amméin. The use of cephalosporins have

been associated with high relapse rates (Corbel, 2006).
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2.4c) Test Choice and Performance

The FPA applied in the present study was the best diagnostic test available for the etistitigns,
although a perfect antibody-based test for diagnosis of brucellosisasailable. FPA has the advantage of being
both highly sensitive (100%) and specific (99%) and thus is a goackclben only a single test can be performed,
for example due to financial and time constraints. Additionally, the BRteionly brucellosis test currently
available that can be both performed in a field setting and distinguish behfeetad and vaccinated animals
(Nielsen & Gall, 2001Nielsenet al., 1996). In many areas of Mongolia, a cold chain cannot be easihyaimaid,
making field testing of samples advantageous. A mixture of vaccinatednvaccinated herds is also present.
These conditions are likely common worldwide in areas where brucellosidésé. Milk is an attractive sample
for antibody testing and is highly underutilized. Milk is easiljagtable by non-invasive means and is especially
desirable in remote areas where there are shortages of animal restraint faciliesioarians to perform
venipuncture. Milk is also more suitable for subsequent downstreanfaestsample, if culture or PCR are
performed on antibody-positive samples. Finally, there are indicationsi¢hpitessence of anBrucella antibody in

milk can be used as a predictor of shedding of bacteria, and thus heddtic risk (Borakeet al., 1981).

We found that the milk FPA requires further optimization. According to the manufacturer’s protocol (Ellie
LLC, Wisconsin, USA), the FPA works on both clear and clquatyiculate-free samples. Developers of the assay
report that milk can be tested directly, after storage, after freezing, deter@orated state (Nielsen & Gall, 2001)
In the present study, however, samples that remained turbid after dilubaffénwere found to have higher
background values and lower sample mP readings. To decreas#ytuabiiilution factor of 1:100 was used. This
is the dilution typically used for cattle serum, but differs from the lil2fiah used in the original milk FPA
(Nielsen & Gall, 2001Nielsenet al., 2001). Yak milk which is of higher fat content, required additiomatinent
with ClearMilk™ Buffer to decrease sample turbidity and improve FPA results. Sefehal animals sampled had
recently calved, and the colostrum was not found to be suitaltlestorg either because of the turbidity or color of
the sample. An additional limitation of the test procedure was its poor parfoeat high ambient temperatures

This may be unique to the FPA instrument used in the present study.
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2.4d) Characteristics Associated with Brucellosisin Livestock
Animals in which antBrucella antibodies were detected were found to be older than test negative animals.
This difference may be an early indicator of success of the vaccipatigram despite continued low level
prevalence of brucellosis in livestock. Assuming vaccine is available andefféeitold chain is often
unavailable), all female calves are vaccinated according to the current national cogtratpr As the control
program progresses, this pool of immunized animals should increaserefidaly, older animals are more likely to
be infected as they did not benefit from calfhood vaccination. Mass a#iocitis performed every few years, but
older animals may already Beucella positive prior to vaccination. An alternative explanation for the finding that
mean age of test positive animals is increased, is that older animals glsersore likely to be test positive since
they have had greater opportunity to be expos@&iuoella. In a region in Nepal where vaccination is not

practiced, brucellosis prevalence was also observed to be higher amengnhdals (Jackscet al., 2014).

In the present study, yak ahdnag were more likely to have anBrucella antibodies in milk than cattle.
Yak are known to have high levels of brucellosis infection; seroprevalence d¢24% and 22% and been
reported among yak in regions of India and Nepal, respectively (Baadlygayet al., 2009 Jacksoret al., 2014).
To our knowledge, however, this is the first study to compareebosis prevalence among cattle, yak, and hybrids.
Sanple sizes were too low and the distributions of species too unefdlytassess susceptibility to Brucella
infection, but the data suggest thatnag and yak may be more susceptible to infection than cattle. Further research
is needed on brucellosis in these species. Differences in susceptitiiitycella infection among ruminants have

previously been noted; bison appear to be more susceptible than cattetiomnfOlsen & Johnson, 2011).

Herd size and presence of abortions were evaluated as potential herd-level charaatsustiated with
brucellosis. Although other studies have found risk of infedtidncrease as herd size increases (Matnaa,
2007, Jacksoret al., 2014), we did not find this to be the case in Mongolia. Stockingtgenay have been a more

appropriate parameter to evaluate; however, this could not be determined sisagréasecbn open pastureland.

Abortions were also not found to be associated with the presence Bfacdila antibodies in milk. No

abortions were reported among cattle, yakjadbnag over the past year in the 8 herds found to be test positive or
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suspect. While others have found abortions to be associated with hilglsesf8rucella infection (Jacksomet al.,
2014 and abortion is a characteristic clinical sign of brucellosis in livestatite typically abort only during the
parturition immediately following infection. Subsequent parturitions are oftemal (Carvalho Netet al., 2010)
With the exception of ong year-old cow, all test positive animals in the study were at least 6 fesgs.oThese
animals may have been infected many years previously with abod@umring at that time. Abortions in sheep and
goats were also recorded. Fifty percent of householdsBrittella positive or suspect cattle, yak, lminag,
reported abortions in their goat herd. In comparison only 35% ailholds withBrucella negative cattle, yak, or
heinag reported abortions in their goats. Herders in Mongolia maintain migegksperds, and the presence of
brucellosis, and abortions, in small ruminants has been associatédongtised risk of disease in cattle (Halal.,
2011). Whether cattle and yak are infected vBthmelitensis in Mongolia must be further investigated. The
etiology of the high levels of abortion observed in goats also warrants addiéseatch. While local veterinarians
believe the primary causes are nutritional deficiencies and cold wintersathiesds should be tested for
brucellosis and other infectious diseases that cause abortions, as rti@sedafiseases are also of importance to

public health.

2.4¢) Potential Risk Factorsfor Brucellosisin Herders

The presence of anfirucella antibodies in milk of cattle, yak, deinag was not found to be associated
with disease in humans. This must be interpreted with caution, howewar,human brucellosis was assessed via
questionnaire. Although brucellosis is highly infectious to humetationships between animal and human disease
are complex. Zolzayet al. (2014alsofailed to find a significant correlation between animal and human brucellosis
seroprevalence in Zavkhan and Sukhbaatar provinces. In Kyrgygstathruminant seroprevalence but not cattle

seroprevalence was associated with brucellosis in humans (Beirsfioh2012).

Transmission of brucellosis to humans likely occurs priménilgugh direct contact with infected material.
The majority of herders surveyed reported that they assisted withgalvwell as removed aborted fetuses from
pastureland. Herders do not have access to gloves and often do notewdsmilhs after handling potentially
infected material. In a serosurvey conducted among rural Mongolianactaith aborted fetuses and placentas as

well as being a veterinarian were found to be associated with increased oddstmfn (Tsendkt al., 2014). While
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none of the herders in the present study reported consumption ofilq\it is possible that herders are infected
during the process of milking. Zolzaghal. (2014 found women, who are responsible for milking, to be at higher
risk of Brucella infection. While cultural practices of food preparation prevent most foadtsmurces of

brucellosis infection in Mongolia, herders should be educated about $igyiémic measures such as hand-washing

as a means of decreasing risk of brucellosis transmission.

2.5) Conclusions

This study indicates that brucellosis remains endemic in cattle, yakyharids within Bulgan and
Khuvsgul provinces of Mongolia despite a national control program. High lef/elsman disease were also
reported. The milk FPA is advantageous for testing in remote field agipacially when concerns of false positive
results from vaccination exist. Diagnostics based on antibody response indigaggposure td®rucella, however,
and not necessarily current infectioRuture studies should employ milk FPA as a screening test withsti@am
PCR analysis. It is also essential that the speciBsuotlla responsible for infection in cattle, yak, and hybrids as
well as in humans be determined. Identifying reservoirs of infefiomoth human and animal disease will lead to
more effective disease control strategies. The Mongolian brucellosislqmoigeam must be critically evaluated
and necessary adjustments quickly implemented if the goal of olgt&ininellosis-free status by 2021 is to be

realized.
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CHAPTER 3: EVALUATION OF SHEDDING, TISSUE BURDENS, AND HUMORAL IMMUNE

RESPONSE IN GOATSAFTER EXPERIMENTAL CHALLENGE WITH BRUCELLA MELITENSIS

3.1) Introduction

Brucella melitensis, a gram-negative bacterial pathogen, is the causative agent of brudelkrall
ruminants. This is an economically important disease endemic ip sheep and goat raising countries worldwide.
Infection spreads rapidly among flocks causing abortion storthstaonic diseaseWhile goats are considered the
true natural hosts d&8. melitensis, many breeds of sheep are also highly susceptible (Alton, 1980&juch of the
Mediterranean basin and Middle E&&tmelitensisis also theBrucella species most commonly isolated from

bovine, camelid, and equine hosts (Refai, 2002)

Many of theBrucella species are highly pathogenic in humans, Bithnelitensis typically cited as the
agent responsible for the majority of human cases (Pabphs2005) Brucellosis is one of the most common
zoonotic diseases worldwide with over half a million new cases reported anfReglpast al., 2006). Infection
most commonly results from ingestion of unpasteurized milk alacbmith infected animals, and a chronic
debilitating disease often develops. Acute febrile iliness is followed bydsmase affecting the joints,
reproductive organs, nervous system, and rarely the heart (Fatealcd®2007 Reguereet al., 2003 Troy et al.,

2005.

Brucella melitensis was the first of the brucellae discovered, isolated from soldiers with Meafiezmn
fever on the island of Malta in 1887 and later from goats on the same. iflatensive research on the development
of diagnostic tests and a suitable vaccine was pursued in Malta in the first thalf2d" century. France and
Russia also experienced outbreakBahelitensisin the early 1900s and research centers were established in these
nations as well (Alton, 1990b). While early accounts of the pathegeofB. melitensisinfection in goats may
have been published in French or Russian, there is a paucity of atimnnaurrently available on basic clinical

aspects of disease in goats.
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Considerable advances have recently been made in the field of brucebesisch, but most studies have
been conducted in mouse modeMice are naturally resistant Brucella infection (Grilloet al., 2012) Study of
reproductive lesions, tissue colonization, and shedding of organissitates a ruminant host, as these aspects of
disease pathogenesis cannot be extrapolated from mouse n®ueles performed in ruminants, however, have
focused primarily ofB. abortusinfection in cattlg{/Ackermannet al., 1988 Alexanderet al., 1981 Capparelliet al.,
2009 Emminger & Schlam, 19431anthei, 1968Xavier et al., 2009). When goats have been utilized in
experimental infection studies, this has primarily been as a modgl &bortus infection (Andersoret al., 1986a

Andersoret al., 1986h Meadoret al., 1989 Meador & Deyoe, 1988Meadoret al., 1988).

While the study oB. abortus infection in the goat may be an appropriate model for bovine brucellosis
(Meador & Deyoe, 1986), there is little evidence available to show that it iscargpresentation d&. melitensis
infectionin goats. Brucella abortus only rarely causes disease in small ruminants in a natural settivege are
also clear differences betweBnabortus andB. melitensis from a public health and disease control perspective
Brucella melitensis is arguably a more frequent cause of human diseas®tladortus. The control of disease in
humans depends on the control of disease in livestock populatawesyér,B. melitensis eradication efforts have
proven more difficult than control &. abortus. No major country with endemiB. melitensisinfection has been

able to successfully eradicate this pathogen (Olsen & Palmer, 2014).

Control of caprine and ovine brucellogscurrently dependent on vaccination whmelitensis strain
Rev. 1 as well as test and slaughter programs. Rev. 1 is a live, attenwatedittrunknown mutations. Eh
vaccine was created in 1957 by sequential passage of a wilB.tygtitensis strain in streptomycin-containing
media until a streptomycin-resistant strain was isolated (Elberg & Faunce, 19&7)esllting isolate, Rev. 1, was
found to have reduced virulencedan protect against infection in small ruminanduch of what is known of the
pathogenesis d. melitensisinfection in small ruminants comes from research on the efficacye didh. 1
vaccine. These studies were conducted in Malta and Iran in the &R5@®s (Alton et al., 1967 Entessaket al .,
1967 Elberg & Faunce, 195Alton, 1968). While the primary goal of the work was to determineateeaf
abortion in goats vaccinated with Rev. 1 and subsequently challengedruligmt B. melitensis, information on the

pathogenesis of the attenuated Rev. 1 strain was also published. Study tregtigtilized un-vaccinated goats as
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controls inB. melitensis challenge studies also alledr'some information on the pathogenesis of fully viruBnt
melitensisto be inferred.These early studies, however, used variable infection doses and rontesutetion or
simply challenged animals by exposing them to “donors,” which were infected withB. melitensis. Over the past 20
years, advances in genetic techniques have sparked a new vigaveebfensis vaccination studies in goats
(Edmondst al., 2002 Elzeret al., 1998 Elzeret al., 2002 Phillipset al., 1997 Roopet al., 2001, Perryet al.,

2010. As with the early work, unvaccinated controls are often utilizédese vaccination and challenge studies.
Use of standard infection doses and routes of exposure have allowethimhpdormation to be inferred on the
pathogenesis @. melitensisin the goat. Rates of abortion and colonization have been published, buhsince
objective of these studies is to access efficacy of new vaccine candidgtetements oB. melitensis pathogenesis
remain undefined. The few strict pathogenesis styaliblished on virulenB. melitensis have been conducted in
sheep (Shimi & Tabatabayi, 198Mittarelli et al., 2005), while goats are more susceptible to infection (Alton,

19903.

The goal of the present research was to study the pathogenBsiadiitensis infection in goats by
comparing disease caused by the fully viruBnhelitensis strain 16M and the reduced virulence strain Rev. 1.
Objectives were to (1) determine the clinical effects of infection by each istchiding rate of abortion, changes in
body temperature, and changes in hematological parameters, (2) evaluatdiisfoution and level of
colonization resulting from infection, (3) quantify sheddindgofelitensis 16M and Rev. 1 in milk and uterine
secretions, and (4) evaluate the humoral immune response triggered irseetgpimfection, especially the stage of

infection during which antibodies are first detected.

3.2) Materialsand M ethods
3.2a) Experimental Design
i) Animals

Fifteen mixed-bregfemale goats (aged 2-@gs) were utilized in this study. The animals had not been
vaccinated previously with arBrucella vaccines and were seronegative prior to challenge. The estrous cycles of
the does were synchronized using two injections, 10 days apart tfgdaoslin F2. (Lutalyse, Zoetis, Inc.),

followed by mating to a fertile male. All animals were found to be pregnanittasound examination at either 44
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or 88 days of gestation. Pregnant goats were transferred to a biosafety éemtaBment facility at least one week
prior to experimental challenge, where they were housed for the reanaintthe study. All animals were fed a
complete pelleted diet and hay daily with nutritional supplements added in late gestatiorals were group-
housed in rooms of adequate s{2el goats per room), and all stages of the study were conducted with
consideration for animal welfare. The experimental procedures weravadby the Institutional Animal Care and

Use Committee of Colorado State University.

ii) Experimental Challenge

This study was carried out over the course of 2 years with 5 goats chdliengarch2014(group 1) and
the remainindLO animals challenged in January 2015 (groups 2-4). Challenge nadgated at either 11 (group 1)
or 14 weeks (groups 2 and 3) of gestation. Since animalsweitth group were housed together, factors such as
body size, presence of horns, and attitude were considered when assigmalg to groups 2-4 in the 2015 study.
Animals were infected by instillation of 8 x 408 x 10 CFU ofBrucella onto their conjunctiva (50 pl of inoculum
per eye). The infection doseasdetermined by serial dilution of the inoculum in saline and standardcolate on
brain heart infusion (BHI) agar platebline animals (5 goats in 2014 and 4 goats in 2015) were challenged with
virulent B. melitensis strain 16M (groups 1 and 2), and 4 animals were challenged wigtitémeiated vaccine strain
B. melitensis Rev. 1 (group 3).The remaining two goats were kept as uninfected controls (groum#den to
determine a normal baseline for clinical and serological res@tigmals were monitored closely for clinical signs
of infection, such as changes in mentation and elevation of body temperaamperature was measured either per
rectum or via an iButton (Maxim Integrated, San Jose, CA), which agministereger os prior to the 2015 study
and then subsequently recovered at necropsy from the reticllueniButtons were programmed to record core
temperature every 4 hours. In goats from which rectal temperaturecesded, measurements were taken prior to
infection to establish a baseline, once daily for the first 2 weeks post-imfeatid then weekly until time of

parturition.
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3.2b) Sampling Procedures
i) Samplesfrom Does

Blood samples were collected by jugular venipuncture from all animals prior to deadled following
challengeon days 3, 714, 21,28, 35, and at time of parturitiorBlood samples were utilized for bacteriological
culture, assessment of humoral immune response;amnplete blood count analysis (CBC). Aseptic technique was

utilized during venipuncture to prevent contamination of samplesufarre.

Approximately 10 ml of milk was collected on the day of parturitioth @aver each of the subsequent 3
days. Vaginal swabs were collected on the day of parturition and at syeciipdoes were humanely euthanized
3 days following abortion or normal parturition by intravenousiadtnation of pentobarbital. Maternal samples
collected aseptically at necropsy for bacteriological determination included: spleedutigemammary tissue,
uterine caruncle, muscle, and lymphatic tissue (bronchial, mediastinal, hepati@| ifisrnmesenteric,

mandibular, parotid, retropharyngeal, prescapular, and supramammmgaty hodes).

i) SamplesfromKids
Fetuses were necropsied within 24 hours of abortion. Live kidskepteogether with the group dbes
and allowed to nurse until euthanasia and necropsy at 3 days of agelesSSeollected at necropsy included spleen,

liver, lung, abomasum, abomasal contents, and rectal Slabental tissue was also collected for culture.

3.2c) Bacteriological Tests

Culture of blood, milk, vaginal swabs, fetal rectal swabs, and all tissy#desamas performed on selective
medium agar formulated froBrucella medium base (Oxoid CM016®Byrucella selective supplement (Oxoid
SRO0083A), and 10% fetal bovine serum. All cultures were incubated’&&¥d 5% CQ. In most cases, growth
was observed in 3-4 dayBrucella cultures were identified based on colony morphology and growth
characteristicsIsolates from Rev. 1 infected goats were subcultured onto BHI agar contstiptpmycin (2.5
ug/ml) and incubated for 2 weeks at 37 °C in air. This allowed for the differentiation of Rev. 1 and 16M strains

since only Rev. 1 is capable of growing on streptomycin (WortghQization for Animal Health, 2009b).
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i) Blood Culture

At each time point, 10 ml of whole blood was collected in EDTA for cultlitds samples were diluted
1:1 in BHI broth containing amphotericin B (1 pg/ml), vancomycin (20 pg/ml), and sodium citrate (1% v/v) (World
Organization for Animal Health, 2009a). Of this dilutidf pl was plated directly on the Brucella selective media
described aboveThe remaining enrichment culture was maintained at 37 °C with wedktyibures performed for
4 weeks.Plates were examined regularly for growth and declared negative if oriaoivere observed after one

month.

i) Milk
Milk samples were centrifuged (13,000 x g, 5 min) and cream a&wuipfiate layers combined for culture
Serial dilutions of the cream/precipitate mixture were plateBronella selective media for semi-quantitative

determination of shedding.

iii) Vaginal and Rectal Swabs
Vaginal and fetal rectal swabs were directly streakeBronella selective media. In these samples

shedding was assessed by the presence/absence of growth rather ttificagjoarof colony counts.

iv) Tissues

Tissue samples weighing approximately 0.1 g were added to Zapi@ntubes containing 900 ul of
homogenization media (BHI broth with 10% glycerol) and stainless steel. b8ad¥les were homogenized using a
mixer mill (Retsch Mixer Mill MM 400 Diisseldorf, Germany) for 5 min at a frequency of 25 Hz. Colonization
(CFU/qg) of tissues was determined by plating serial dilutions of tissue lemategorBrucella selective media.
The homogenate consisted of a 1:10 dilution of tissue and additiortadrilwere subsequently made extending to

108,

3.2d) Serological Tests
Sera were tested for antibodiesBraucella antibodies using the Card Test (National Veterinary Services

Laboratories [NVSL], Ames, IA, USA) performed wih abortus antigen of 3% cell concentration according to the
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protocol provided by NVSL Briefly 30 pl of serum was mixed with an equal volume of antigen suspension and the

degree of agglutination determined after a 4 min incubation period.

3.2e) Complete Blood Count Analysis

Blood from a subset d&. melitensis 16M-infected goats was subjected to CBC analysis (HemaTrue
Hematology Analyzer, Heska, Loveland, CO, USA) throughout the couiséeofion. Four measurements were
taken prior to experimental challenge to establish normal baseline values, and paraenetstubgequently

measured on days 3, 7, 14, and 35 post-infection as well as at ¢hef fparturition.

3.3) Results
3.3a) Clinical Results
i) Abortion

Pregnant does were infected with either the fully viruRmbelitensis strain 16M (groups 1 and 2) or the
attenuated strain Rev. 1 (group 3). Differences between the grmudescribed iffable 3.1. Six of the 7 (86%)
pregnant does infected wiBh melitensis 16M aborted. The remaining animal (No. 9) delivered one dead and one
live full-term kid. While the live kid (No. @) was weak, it survived until necropsy at 3 days post-infect@ithe
4 animals infected with the attenuat@dmnelitensis strain Rev. 1, all delivered full-term kids. A gestation length of
21 weeks was used to define full-term birth. Two (29%) of thetéuth kids from the Rev. 1 group, both from the
same de (No. 12), were dead at birth. Another kid (N@-1) was found dead 3 days after birth, however, whether
death was due tBrucella infection is unknown Three does (No. 5, 7, and 11) showed no evidence of abortion and
were not pregnant at necropsy. These animals were initially determined eghangrby ultrasound observation
prior to challenge. Uninfected controls remained healthy and deliverefulivierm kids. Median time between
challenge and parturition was 42.5 days (range 34-64), 36 idage(35-53), and 55 days (range 53-58) for goats in
groups 1, 2, and 3, respectively. Goats in group 2 that were infectetiéMtlwvere further along in gestation than

the goats in group 1 at time of parturition; however, group 2 wasrdéstied at a later stage of gestation.
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Table 3.1. Effect of B. melitensis 16M and Rev. 1 on parturition in goats.

Week of Week of Isolation ofB. melitensis at
Challenge Gestation Gestation Parturitiorf
Group Doe Challenge Dose at at Kid Fetus

No. No. Strain (CFU) Challenge Parturition No. Condition Fetus Placenta Vaginal Swab M

1-1 Dead +

1 16M 8x 10 11 17 1.0 Dead . + + +
2-1 Dead +
. 2 16M 8x 10 11 16 92 Dead N NC + +
3-1 Dead +
3 16M  8x 10 11 20 32 Dead + + + +
4 16M 8x 10 11 17 4-1 Dead + + + +
5 16M 8 x 10 11 NP? - -
6 16M 8 x 1¢ 14 19 6-1 Dead + + + +
7 16M 8 x1¢° 14 NP° - NC
8-1 Dead +
2 8 16M 8 x 10 14 19 8.0 Dead N NC + +
9-1 Dead +
9 16M 8x 10 14 21 92 LiveWeak - + + +
101 Live® +
10 Rev.1 8x10 14 21 102 Live N - + +
11 Rev.1 8x10 14 NP - +
12-1 Dead +
3 12 Rev.1 8x10 14 22 122 Dead . + + +
131 Live -
13 Rev.1 8x10 14 21 132  Live - - - +
133  Live -

NP = not pregnant at time of necropsy despite being declared pregnant on ulti@séuveeks of gestation
®NP = not pregnant at time of necropsy despite being declared pregnant on ultr@sb2nveeks of gestation
“Kid 10-1 was found dead 3 days after parturition

4+ = B. melitensisisolated—~ = B. melitensis not isolated, NC = sample not collected

ii) Body Temperature

After a normal baseline was established, rectal temperature was recordeatsangpoup 1 once daily for
the first 2 weeks post-infection and then weekly until time of parturitdormal temperature was defined as 200
104°F. Rectal temperatures remained within the normal range in these fiveniédted goats throughout the

course of the studfFigure 3.1a).

Use of iButtons for measurement of core temperature every 4 hours alaneie thorough examination
of changes in bodtemperature. However, despite applying lead sinkers to the iButtongfteept to maintain
them within the rumen-reticulum, the devices were passed by maing gbats and excreted in feces. The iButtons

were successfully utilized in one group 2 doe (No. 9) ardgiwup 3 does (No. 10 and 11). In these goats core
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body temperatures were highly variable and often fell outside the nang(Figure 3.1b). This was not
exclusively an effect of infection, as temperatures aboveAOkre also observed priordballenge in does 10 and
11. While iButtons were utilized in only a small number of animal$ntenesting trend was noted. Core body
temperatures of Rev. 1 vaccinated goats (No. 10 and 11) seemed to fluduateaaset point unique to each of the
does for the duration of the study. 1A@&M-infected goat (No. 9), however, a general increase in body temeratu
was observed from the time of challenge to the time of parturitioe. féMer was remittent in nature. The sharp
spike in temperature observedHigure 3.1b corresponds to a reading of 108 which occurred 2 days after

parturition indoe9.

iii) Complete Blood Count Analysis

Hematology was utilized in group 1 animals to evaluate whether any chartgedenkogram consistently
occurred that could be indicative of infection. Analysis revealed thabZnimals had marked leukocytosis and
neutrophilia prior to challenge. Median leukocyte count over the 4 prdigrféane points in these animals (No. 2,
4, and 5) was 18.6 x i6ells/ul (range 11.7 — 25.1 x 18cells/ul). Median granulocyte count in the same animals
was 10.0 x 1dcells/ul (range 7.1 — 17.6 x 1Gcells/ul). These cell concentrations were nearly double those
measured in the other 2 animals (No. 1 and 3), which maintainedetdtatyte and granulocyte counts of 9.6 X 10
cells/ul and 5.6 x 103 cells/pl, respectively. Pre-infection lymphocyte and monocyte parameters fell within the

normal range for all goats. Leukocytosis and neutrophilia in doesad4 is suggestive of pre-existing infection.

Analysis of the leukogram at days 3, 7, and 14 post-infectiowedd a decrease in both total leukocyte
count and granulocyte count among the two does (No. 1 and 3) wittahpre-infection parameters. For example,
the leukocyte count of doe 1 decreased from 9.7 to 7.8 cell®ul over the first 2 weeks of infection and the
animal’s granulocyte count fell from 6.3 to 4.1 x 10° cells/ul. The lymphocyte count was also decreased from pre-
infection measurements at days 3 and 7 post-infection, but hadsiedrabove baseline levels by 14 days post-
infection. Monocyte numbers changed little over the first two weekseaxftion. A postpartum measurement was
also taken for doe 3, which revealed a neutrophilic leukocytosis relative-tofpction values (leukocyte

concentration of 12.2 x $@ells/ul and granulocyte concentration of 8.7 x 10 cells/pl).
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Figure 3.1. Effect of B. melitensis 16M and Rev. 1 on body temperature in pregnant does. Temperature was
measured by rectal thermometer (A) or gastric iButton (B). DoesAl-&nd 9 (B) were infected with 8 x 1GFU
of 16M. Does 10 and 11 (B) were infected with 8 X €EU of Rev. 1.
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3.3b) Bacteriological Results
i) Does

Brucella melitensis was isolated from tissue samples or milk of all 13 infected does, indicading th
experimental challenge was successful in all animals. The three does (Nand 11, that showed no evidence of
abortion and were not pregnant at necropsy had minimal tissue colonizatitwe. non-pregnant 16M-infected
does,Brucella was isolated from the spleen and mandibular, retropharyngeal, andliiiecigmph nodes of one
animal (No. 5) and exclusively the hepatic lymph node of the other afitoa®j. Colonization in these tissues
was minimal (106- 400 CFU/g of tissue). The non-pregnant Rev. 1-challenged doe INshdwed no evidence
of systemic infection. A small volume of serous fluid was colleatauh thisanimal’s teat at necropsy, and the

“milk” was culture positive (30 CFU/ml).

A similar colonization pattern was observed in a pregnant Rev. 1-infgatedBrucella melitensis was
not cultured from any tissue from dd@ including the mammary gland and associated lymph nodes, utedus, an
placentayet this doe exhibited low level excretion (10 CFU/ml) of Rev. 1 in milldays 2 and 3 postpartusihed
organisms in vaginal secretions, and one kid showed low levels ofzation (Table 3.1). Likewise, another
Rev.1-infected goat (No. 13) showed minimal colonization with just J0/@and 10 CFU/m| oB. melitensis
isolated from uterine tissue and milk, respectively. Rev. 1 does haveptimtgdo cause significant generalized
infection as shown by the final Rev. 1-infected animal (No. Bejcella was isolated from 9 different maternal
tissues, placenta, and milk of this animal with high levels of colonization nétéigher concentration d3.
melitensis was present in the placentatbis animal than in any of the 16M-infected goa#dl. isolates from Rev. 1-
challenged goats grew on streptomycin-containing media, confirmangohl6M contamination occurred in group

3 goats. Rate d@. melitensisisolation and tissue burden in pregnant animals is showabie 3.2 andFigure 3.2.

Generalized infection was present in all pregnant 16M-challenged goatsateglof isolation varying
from 4/16 to 15/15 tissues in the 7 goats sampled. A trend adihigtes of colonization, in terms of both number
of Brucella-positive tissues and degree of tissue burden, was observed in aniatiglsgdd at week 11 of gestation

(group 1) compared to does challenged at 14 weeks (grqig) e 3.2).
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In 16M-infected goatsB. melitensis displayed a definite preference for various tissuaterestingly,
major organs such as liver, spleen and lung showed low leveddarfization. Brucella was more frequently
isolated from lymph nodes, with all 7 pregnant goats showing colonizdttbe mternal iliac lymph node. Lymph
nodes of the head, which drained the site of inoculation, as well as the hepatinbaiepithe mesenteric lymph
node, and the supramammary lymph node also showed high ratésrifation. Uterine and placental infeatio
were noted in all pregnantl6M-infected goats, and these two tissues weresthreawily colonized, witB.
melitensis at concentrations dfo® — 10™° CFU/g of tissue Concentration of organism in lymph node tissue was
typically in the range of 0- 10° CFU/g of tissue. Unexpectedly, muscle tissue was positive in 2 refg®ant
16M-challenged goats from which cultures were taken with tissue load similar to Bxaiph nodes While only
performed in group 1 goats, all blood cultures were negative throughadutse of infection (cultures taken on

days 3, 7, 14, and 28 post-infection and day 1 postpartum

Table 3.2. Rate of isolation oB. melitensis 16M and Rev. 1 from tissues of pregnant does at necropsy.

B. melitensis 16M B. melitensisRev. 1

Tissue Infected Animal® Infected Animal8
Muscle 2/3 1/3
Liver 217 1/3
Spleen 1/7 1/3
Lung 217 0/3
Mammary Tissue a/7 0/3
Uterus 717 2/3
Supramammary LN 517 1/3
Parotid LN 3/7 1/3
Mandibular LN 717 1/3
Retropharyngeal LN a/7 1/3
Prescapular LN 3/7 0/3
Mediastinal LN 3/7 0/3
Bronchial LN 3/4 0/2
Hepatic LN 5/7 0/3
Internal Iliac LN 717 1/3
Mesenteric LN a/7 0/3
Placenta 5/5 1/3

@ Only data from pregnant animals are included in the table.
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Figure 3.2. Level of tissue colonization y. melitensis 16M and Rev. 1 in pregnant dogSolonization is
measured in CFU d. melitensis 16M (groups 1 and 2) or Rev. 1 (group 3) per godrissue. Level of detection is
100 CFU. Data from does 5, 7, and 11 are not included since thesdsawene not pregnant.

Brucella melitensis 16M was shed at high levels in milk of all pregnant animals challengkdhis
virulent strain(Figure 3.3). Three does were consistent, high level sheddersBuwitielitensis present in milk at a
concentration of 10- 10° CFU/ml throughout the 4 days of sampling. The remaininge$ dhowed a declining
trend in the degree of shedding postpartum. In these arBmaldla was shed at a concentrationl®f — 10*
CFU/ml in colostrum, but by day 4 numbers of organisms werethedimit of detection. Shedding in milk was
minimal in all but one of the Rev. 1-infected goats. This doe (Noex&@pted organism at levels similar to goats
infected withB. melitensis 16M. Shedding in vaginal secretions occurred in all 16M-infected goatstbrdays 1

and 3 postpartum. In Rev. 1-infected does shedding was observ8damirRals, but at lower lev&l
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Figure 3.3. Shedding oB. melitensis 16M and Rev. 1 in milk. Shedding is measured in CFB.ofelitensis 16M
(does 1-9) or Rev. 1 (dod§-13) per ml of milk cream/pellet. Limit of detection is 10 CFU. Thesabs of a bar
indicates thaBrucella was not isolated, except where an asterisk is placed to indicate that cultures were
contaminated or not collected. Data from does 5, 7, and 11 are not inslndedhese animals were not pregnant.
ii) Kids

A 92% fetal infection rate was observed among kids boBh toelitensis 16M-infected doeg¢T able 3.3).
Infection was systemic; organism was isolated from liver, spleen, amtgabomasum in all animals. Tissue burden

ranged from 19~ 10° CFU/g of tissue with severely autolyzed fetuses typically havingd@ancentrations of

Brucella.

Infection rate among kids born B> melitensis Rev. 1-infected does was 43%. Doe 12, which showed the
high levels of maternal, uterine, and mammary infection gave birth to tvap fiksvily infected kids Low level
infection was also observed in one kid born to doeBricella melitensis Rev. 1 was isolated from the spleen and
abomasal fluid of this kid at concentrations of 100 and 900 CKFekpectively. The animal was also potentially

shedding organism in feces sir@icella was cultured from a rectal swab.
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Table 3.3. Isolation ofB. melitensis 16M and Rev. 1 from fetal tissues at time of parturition.

Tissue Burden (CFU/B)

No. of samples

Group Kid Fetus containingB. Abomasal Rectal
No. No. Condition melitensis Liver Spleen Lung Abomasum Contents Swab

1-1 Dead 6/6 ++++++++++++ ++++ ++++ L
1-2 Dead 6/6 + + +++  ++ ++ + ++ 4+ L
2-1 Dead 6/6 ++++++++++++ ++H 4+ ++ + L

1 2-2 Dead 6/6 ++  +++ 44+ +++ + + L
3-1 Dead 4/4 4+ 4+ 4+ ++ NC NC
3-2 Dead 4/4 +++ ++++ ++++ ++ + NC NC
4-1 Dead 6/6 + + + + + + + + + + L
6-1 Dead 6/6 ++ +++ +++ + + ++ + L
8-1 Dead 6/6 ++++++++++++ 4+ ++++ L

2 8-2 Dead 6/6 ++++++++++++ +++ ++++ L
9-1 Dead 6/6 +++ +4++ +++ +++ ++++ L
9-2 Live,Weak 0/6 - - - - - -
101 Live® 3/6 - + - - + G
10-2 Live 0/6 - - - - - -
12-1 Dead 6/6 + ++ ++ + + G

3 12-2 Dead 5/5 + + +++ ++++ + + + + + + NC
131 Live 0/6 _ _ _ _ — —
132 Live 0/6 _ _ _ _ — —
133 Live 0/6 _

#Kid 10-1 was found dead three days after parturition
b +=1x16- 1 x 16 CFU/g
++=1x16-1x10 CFU/g
+++=1x10-1 x 10 CFU/g
++++=1x10 -1 x 10 CFU/g
- = B. melitensis not isolated, limit of detection = 1 x 1CFU/g
L =lawn
G = some growth
NC = sample not collected

3.3c) Humoral Immune Response

Anti-Brucella antibodies were present in all 13 challenged ddable 3.4). Seroconversion was delayed
in the non-pregnarit6M-challenged animajoccurring at 61 and 70 days post-infection. In pregnant animals
challenged with virulenB. melitensis, median time to seroconversion was days (range 14-64 days); howe2r,
animals did not seroconvert until after abortion. Blimelitensis Rev. 1-challenged does were seropositive by 4
weeks pgatinfection but titers were transient with only the heavily infected doe (IRpsfll seropositive at time of

parturition. The two uninfected controls remained seronegative throughout thtotuof the study.
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Table 3.4. Rate of seroconversion Bl melitensis 16M- and Rev. 1-infected does determined by Card Test.

Weeks after Challenge

Post-Parturition / At

Tissue 0 1 2 3 4 5 Time of Necropsy
B. melitensis 16M 09 0l 209 25 3L 28 9/9
Infected
B. melitensisRev. 1 c ¢
Infected 0/4 0/4 1/4 NT 4/4 NT Ya

@Only group 1 animals tested.
® Only group 2 animals tested.
°NT = not tested

3.4) Discussion

The present study provides a thorough assessment of the clinical effaltisgdomB. melitensis
infection in goats, a natural host. Rates of abortion and fetal death, distribliorganism in tissues, and levels of
shedding were investigated. Measurement of body temperature, leukmayameters, and serological reaction
were analyzed for the ability to indicate potential infection. By characterizasg taspects of disease pathogenesis
in goats infected with botB. melitensis strain 16M and strain Rev. 1, the study provides a starting pointvitaam

differences in virulence factors or host immune response can baipetween the two strains.

3.4a) Clinical Disease and Diagnosis of Infection

One objective of the present study was to identify early clinical signs that wouldag suspicion of
infection and subsequent testing for brucellosis. An obvious caenpaofibrucellosis control is the identification of
infected animals. This is a critical first step in test and slaughter programsyér, even in resource poor countries
identification of infected animals allows herders to take proper protective measuregetat gpread of disease.
Optimally, diagnosis oBrucella infection would be made prior to parturition before massive sheddiogyahism

occurs in vaginal fluids, fetal tissues, and milk.

Routes of infection and doses of exposure are variable in the fielckahdififluence clinical outcome.
Due to difficulties in replicating these factors in a laboratory setting as weelhesd to make the findings of this
study comparable to previous work, a standard experimental infecseratid route was utilized (Olsen &

Johnson, 201 Elzeret al., 2002) The intended challenge dose was 1 X@BU for both 16M and Rev. 1 strains.
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Serial dilution and standard plate counts of the inocula indicated that infecti@ttvally with 8 x 18 CFU and 8
x 10’ CFU of 16M and Rev. 1, respectively. The objective was to uselRe\a dose that was both similar to 16M
and comparable to that utilized in vaccination. The standard dose of the ®Recine is 1 x TCFU; however,

many countries utilize a reduced dose vaccine, often at a cergentration (Blasco, 1997).

In pregnant goats challenged by these methods, infection was ing@pa@minimum of 2-3 weeks. In
two animals, we were even uncertain if the inocula were succesafliiinistered until time of abortion and tissue
culture. In these anim@ihere was no clear indication of infection based on clinical signs, hematology,

bacteriology, or serology until after abortion occurr@this underscores the challenges in diagnosing infection.

Although brucellosis in humans is characterized by remittent feveish wtovide an early indication of
infection (Francat al., 2007), body temperature is not typically monitored in ruminap¢mental infection
studies. In the present study, an obvious elevation in body temperatiebsent throughout the course of
infection, at least by rectal thermometer recordinfise use of iButtons allowed for nearly continuous monitoring
of core temperature without the induction of possible temperature spikeg dapture. By these methods, a 16M-
infected goat was found to have remittent fever starting at approximatedgkds post-infectionin B. melitensis-
infected sheep, slight elevations in body temperature have been repotted tame of abortion (Shimi &
Tabatabayi, 1981)Increase in body temperature in the first 10 days after Rev. 1 a#iocimave also previously

been reported in goats (Elberg & Faunce, 1957).

In addition to body temperature, hematology is often used imants to assess general health and could
be an early indicator of possible infection. While changes in leukogaaameters, especially total leukocgtel
granulocyte numbers, were observed during acute stadgsrefitensis 16M infection, interpretation of these
changes was made difficult by underlying infections that were present inahtmyanimals. Two of three animals
with marked neutrophilic leukocytosis prior to challenge had evidence of caseaphadenitis at necropsy. This
common disease of small ruminants is known to cause neutrophiliaigM2D09). While use of specific-pathogen-
free animals would make interpretation of any alternatiotise leukogram po®. melitensis infection more clear,

co-infection is commonplace within animals in a field setting
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Analysis of leukograms from twb6M-infected animals with normal pre-infection parameters showed
decreases in total leukocyte, granulocyte, and lymphocyte counts ofiesttheek of infection. While lymphocyte
numbers rebounded by week 2, granulocyte counts remained loang€s in leukogram parameters post-infection
were small, however, and remained within published normal ranges, ddntinuous monitoring would be
necessary to detect deviations from normal values and create suspididadiion. This makes the leukogram less
useful in a diagnostic setting. From a research perspective, however,ltimg@do decrease in total leukocyte and
granulocyte counts observed in some animals from days 3-14nfestion compared to pre-infection values
noteworthy. Although ruminants have small functional reserves ofapduits in bone marrow, the neutropenic
response that often follows acute bacterial infection typically resolves witldgsiad infection (Morris, 2009).

This was not observed in the present study and suggesBrticalia infection induces an altered immune response.
Humans with acute brucellosis also have normal to decreased neutrapttd, aehich may be explained by the
ability of B. abortus to cause apoptosis of human neutropimlgitro (Barquero-Calvet al., 2015 Troy et al.,

2005.

Brucella-specificdiagnostic tests also did not provide evidence of infection prior to abortahanimals.
Blood cultures failed to deteBrucella in any of the animals sampled. The inability to detect bacteremia may hav
been due to insufficient sampling volume or frequency, as tissugeoitsults at necropsy indicated that bacteremia
had obviously occurredPrevious work has shown about 25% and 50®. ofielitensis-infected goats to be
bacteremic at 2 and 3 weeks post-infection, respectively (Elberg &€&al®57) While circulating antibodies
were more easily detected than brucellae in the present study, diadgriofastmn by serology in all animals prior
to abortion was still not possible. Only 50% of pregnant 16M-infected @aksiftulating antBrucella antibodies
detectable by the Card Test on week 3 post-infection, and 2 animals deroconvert until after abortiobelay
in seroconversion until after abortion has previously been noted in cattlmg&hp19500'Hara & Christiansen,
1978. Extensive investigation of abortions in New Zealand during the 1970’s indicated that in 13% of cows,
Brucella infection could only be diagnosed by cultuta.many underdeveloped areas where brucellosis is endemic
however, bacteriological culture is not possible. In these regions, seabl@gts are the only means of diagnosis

and thus detection of infection may be delayed or missed in some animals
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The primary clinical sign of brucellosis is abortion, which was observ8@% of B. melitensis 16 M-
infected does in the present study, with 92% of offspring infected andatleath. This rate of abortion is within
the range cited in recent literature (Eleeal., 2002 Perryet al., 201Q Olsen & Johnson, 2011). Typically, 70-
100% of pregnant goats experimentally infected Bitimelitensis suffer from abortion, while an abortion rate of
only 30-50% is observed in goats and cattle infected Bvittibortus. The variability in abortion rates observedBn
melitensis-infected goatss likely due to a number of factors including animal age and uridgrhealth status as
well as the stage of gestation at time of infection. In cattle, the inculpetitod between infection and abortion is
inversely proportional to age of the fetus at time of inoculation (Teo950). However, if infection occurs late
in gestation, there may be insufficient time Brucella to disseminate to the placenta, replicate extensively, and
stimulate the inflammatory response that precedes abortion. This plaineke slight difference in abortion rates
between group 1 and 2 goats in the present study. One groupd, aviich was challengeat 14 weeks of
pregnancy, had a full-term parturition with one live, un-infected kidam@ddead, heavily-infected kid born. This
doealso had the lowest level of placental colonization among animals challenge@MithSIince placental
colonization and the lesions that result are the direct cause of abortion, thiatikelints for the absence of
abortion in this doe. While all Rev. 1-infected animals had full-termuptons, infection was not without clinical
effects. Two kids, both from the same doe, were dead at birtaremider kid was found dead three days lalteis
well known that Rev. 1 retains some virulence in goats and vaccinatimg gwegnancy is not recommended.
While the inoculum used in the present study was less than the staadeircevdose, even reduced dose vaccines

are known to cause abortion (Blasco, 1997).

3.4b) Pathogenesisof B. melitensis 16M and Rev. 1 Infection

Brucella melitensis 16M was found to produce generalized infection in all pregnant doeshnuitbllae
recoverable from 15 different tissues in one animal. Predictably, the ateduylacenta showed both the highest
rates of colonization (100%) and the highest tissue burdens (up to'%anti6 x 18 CFU/g in the uterus and
placenta, respectivély Although the goat placenta is thus highly infectious for animalsimans that come into
contact with this tissue, it seems that the cow placenta presents a slightly gséa Tissue load in the placenta of
cows naturally infected witB. abortus has previously been reported at 5 %101 x 10°CFU/g and the placenta of

a cow is obviously larger in size (Alexandtal., 1981)
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Bacteriological culture of tissues from pregnant 16M-infected does alsegistime unexpected results
with important public health implications. Muscle tissue was cultured frome hoes with the initial intension of
simply obtaining bacteriological confirmation for the safety of muscladiss&senerally handling and consumption
of raw or undercooked organ meat is considered a potential health tigkistle meat has been assumed safe
(Corbel, 2006).In 2 of the 3 animals from which muscle cultures were performesglever,Brucella was isolated
at concentrations comparable to that in organs and lymph nodes{@OCFU/g). This was repeatable and
unlikely to be due to contamination. Many other tissues in thesartiatals were culture negative, indicating that
contamination of culture media and equipment was unlikBlye to small sample size in the present study,
infection of muscle tissue should be further investigateathe author’s knowledge this is the first report of the
isolation ofBrucella from muscle tissue in ruminants. In hum&necella-associated myositis has been reported
and may be under diagnosed (Kogml., 2012 Turanet al., 2009). Osteoarticular involvement is common in

human patients and brucellae may often colonize the associated musculature.

Data on bacterial colonization in pregnant 16M-infected does also indicatd®] theitensis hasa
preference for lymph nodes over the spleen and liver, which are thegamsanost heavily colonized in mice
(Grillo et al., 2012) This provides further evidence for differential pathogenesiraéella in mouse models and
natural hosts. The internal iliac lymph node was colonized in all of thegmed6M-infected does; this lymph
node drains the uterus, likely explaining its high colonization rate. Althowammary tissue and the
supramammary lymph nodes were also frequently colonized (rates of 57Pa%ndespectively), tissue burden

was not always predictive of shedding in milk.

This discrepancy in tissue burden and shedding was also observed Rev. 1-infected animals. Three
does infected with Rev. 1 had no evidence of mammary infection besidesnghiedmilk; one animal had no
evidence of uterine or placental infection yet shed brucellae in vaginal secestibgave birth to a kid with low
levels of infection; and one doe showed the opposite pattern with uterine intaatioa evidence of infection in
placental tissue, vagihaecretions, or in three healthy offspring. Shedding in milk &lso noted in the absence of
abortion or birth of full-term dead offspringimilar findings have been previously reported in Rev. 1 vaccinated

goats and sheep (Alton, 196dton et al., 1967 Entessakt al., 1967). This variability in pathogenesis observed in
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Rev. 1-infected animals is of potential public health significance. VRale 1 is not highly virulent in humans,
Rev. 1 contaminated milk is not of negligible public health risk (Ban&i220Shedding observed in the absence of

abortion is of potential concern since there would be no clinical suspicimfdotion.

While maternal infection, fetal infection, and shedding were absent or afiimirmost of the Rev. 1-
infected animals, one doe was heavily colonized. In this afBnuaklla was isolated from 9 maternal tissues at
concentrations similar to that in 16M-infected does. Growth characteristidsnedfthat the isolates were indeed
Rev. 1. The efficacy of this vaccine strain is in part due to its abilitplamize and temporarily persist in tissues
however, previous studies indicate that by 8 weeks post-inoculatiori Reminimally present (Elberg & Faunce,
1957%. Individual variation and underlying health status may explainehgyhtissue burden observed in the one

Rev. 1-infected doe at necropsy. This animal was of poor bodytioond

3.4c) Shedding and Public Health

Although milk was cultured for only 4 days postpartum in the ptesady, several conclusions can be
drawn from the data. Few reports exist in the literature on lev@smodlitensis present in milk of infected goats.
Here we report shedding in 100% of post-parturient 16M-infected doese Binémals can be divided into two
groups, however, with approximately half of the animals beingistamt, high level shedders and half showing a
declining trend in shedding/ithout continued monitoring drucella concentrations in milk, it is difficult to infer
whether these groups would hold throughout the lactation period. eAtrsiudy on water buffalo naturally infected
with B. abortus indicates that while most animals intermittently shed brucellae at low levels inl®fik of infected
animals ca be classified as “superspreaders” since they consistently shed high levels of organism (Capparelliet al.,
2009. These animals are of considerable public health risk, as well as the psoacg of disease in the herd.
Culling of superspreaders was found to halt disease transmisgienpresent study suggests that similar groups of
high and low level shedders may exist amBngelitensis-infected goats. Studies in cattle and sheep, however,
have shown that early sheddingBriicella is not always predictive of bacterial concentration in milk later in
lactation (Morgan, 196Bhimi & Tabatabayi, 1981). In o melitensis-infected ewe, for example, milk was
culture negative until day 47 postpartum at which time shedding comm¢Sicieal & Tabatabayi, 1981). This was

unique among the ewes in this small study, as frequency of sgetitineased over the course of lactation in the
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other animals. The opposite trend was noted in an early studfeofdad cattle, with over 50% of animals showing

increased levels of shedding during the latter half of lactation (Moi§#i0).

The present study clearly demonstrates the public health risk associated witiraldirgts made frorB.
melitensis-infected goats. Shedding was at the level 6£100° CFU/ml of milk in approximately half of the goats
sampled. While samples were concentrated to a degree by enrichinggfiorand pellet layers, an 8 0z (237 ml)
serving of unpasteurized milk would contain over a million infectioseso It is essential to determine the period
of time over which milk continues to be a public health risk. Theisiikely to extend beyond the length of
lactation. While previously published work on excretioBaicella in the milk of goatover a prolonged period is
scarce,amongB. abortus-infected cattle, 90% of animals continue to shed organism at the second lactation
following infection (Morgan, 1960). In sheep experimentally infeetét B. melitensis, shedding in milk persisted
for at least three reproductive cycles pio$éction (Tittarelliet al., 2005). In tlat study, the percent of sheep
sheddingBrucella in milk was 79%, 64%, and 38% over the first, second, and third repreglegitles post-
infection, respectively. A higher rate of shedding was observed@guats in the first reproductive cycle in the
present study, supporting the notion that goats are more susceptibéctmimthan sheep (Alton, 1990&a)jaken
together, it is also likely that goats too excrete high levels of brucellae in millsayeequent lactation period
presenting considerable public health risk. Identification of “superspreaders” and selective culling of these animals,
as previously described for managemerBmifcella infection in water buffalo (Cappare#i al., 2009), may be a

useful disease control strategy in resource poor areas where test and staoghaens are not feasible.

3.5) Conclusions

The clinical effects, pathogenesis, and excretion of two straiBsroflitensisin goats are reported in the
present study. Infection of goats wBhmelitensis 16M resulted in an 86% abortion rate with all but one kid
exhibiting generalized infection leading to fetal de@thble 3.5). Brucella melitensis 16M disseminated widely in
pregnant does post-infection with none of the 15 sampled tissues panemlonization. Importantly, we report
the first isolation oB. melitensis from muscle tissue in ruminants with colonization at levels 6f-100* CFU/g.
Thus, muscle meat must be added to the list of potential foodborne souBresadifa infection in humans. For

comparison, levels of shedding in milk reached levels of-1®° CFU/ml in several goats, while placental and fetal
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tissue would be a source of heavy pasture contamination containind.@ba@6U/g. Pathogenesis of Rev. 1
infection was variable with two pregnant does showing minimal colonizationidghabfull-term healthy kids and
one doe exhibiting tissue colonization and clinical signs similar to thosénmalarinfected with fully virulent 16M.
Regardless of maternal tissue burden and outcome of parturition, excfé®en.d in milk, placental tissue, and
vaginal secretions is possible at low levels, and is of potential public lcealtern. Massive excretion Bf
melitensis, whether 16M or Rev. 1, occurred only in animals that abortgdwa birth to full-term dead kids.
Diagnosis of infection prior to parturition would greatly decrease digeas@Emission events. Unfortunately body
temperature and leukogram parameters were found to be minimdly ingeroviding suspicion oBrucella
infection. EverBrucella-specific diagnostic tests including blood culture and serological assay vedile tm
diagnose infection in all animals prior to parturitidhostpartum identification of animals shedding high levels of
organism in milk may benefit disease control efforts. Selective cullihggbflevel shedders may be an effective

and feasible alternative to a comprehensive test and slaughter program.

Table3.5. Summary of results.

B. melitensis16M  B. melitensisRev. 1
Infected Animald  Infected Animald

1. Frequency of Abortion 86% 0%
2. Percent of Kids Born Bad 92% 29%
3. Fetal Infection Rate _ _ 9206 43%
a) Any degree of infection 9204 290
b) Generalized infectidh 0 0
4. Maternal Infection Raf'e. . 100% 66%
a) Any degree of infection 100% 33
b) Generalized infectidh 0 0
5. Shedding in Vaginal Secretions 100% 66%
6. Shedding in Milk
: 100% 100%
a) Any degree of shedding 43% 330

b) Consistent high level of shedding
7. Seroconversion Prior to Parturition 71% 100%
@ Only data from pregnant animals are included in the table.
®Generalized infection is defined by recoveryBofnelitensis from three or more tissues.
¢ Maternal infection is defined by recovery®fmelitensis from any maternal sample excluding fluid secretions
such as vaginal fluid and milk.
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CHAPTER 4: CELL MEDIATED IMMUNE RESPONSE IN GOATSAFTER EXPERIMENTAL
CHALLENGE WITH THE VIRULENT BRUCELLA MELITENSIS STRAIN 16M AND THE REDUCED

VIRULENCE STRAIN REV. 1

4.1) Introduction

Brucella melitensisis the etiologic agent of brucellosis in small ruminants and a commee cadisease
in humans. While the protective immune response against this pathageedmawell studied in the mouse model
(Grillo et al., 2012), little is known of the immune response triggereB.byelitensis infection in natural hosts. The
development of an appropriate immune response can protect the host fraio ttiextion and pathologic effects,
such as abortion. An inappropriate response can lead to bacterial persisiemoemopathology. While mice,
which are not natural hosts fBrucella, develop an effective Th1-mediated response and clear infection, the
immune response of goatsBomelitensis must be deficient in some way as goats suffer from chronic infection and
pathologic effects. When goats are immunized with the live, reducddndaB. melitensis vaccine strain Rev. 1,
however, the animals clear infection within several months of inoculatiodearedlop a memory response that is

protective against subsequent infection with fully viruBninelitensis.

The Rev. 1 vaccine was developed over 50 years ago (Elberg & Fa98@¢, yet little is known of the
immune response responsible for the protection induced bBrilislla strain. Even less information is available
on the immune response of goats to fully virulent field strair ofelitensis. Interferon gamma (IFN), the
primary Thl cytokine, is essential for controlByucella infection in mice (Baldwin & Parent, 200Eernandest
al., 1996 Grillo et al., 2012). This cytokine is also believed to be an important determintire otitcome of
Brucella infection in humans (Akbulut al., 2005 Rafieiet al., 2006 Skendrot al., 2011). A recent study in
sheep showed that exposure to both viruBembelitensis and the reduced virulence Rev. 1 strain resulted in an IFN-
vy response, although response was delayed in goats infected with the virulent strain (Perez-Sanchet al., 2014).

This is the only study of cell-mediated immune respon$ taelitensis infection in a natural host. Major gaps in
the understanding of immune response to viruBembelitensis and the vaccine strain remain. Perez-Sarthh
(2014) did not investigate the cell types responding to infection or ehathi-inflammatory cytokines were

present to counteract the protective IfFkbsponse. In cattle infected with viruler. abortus or B. suis, CD4" T
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cells have been shown to be the primary producers ofy|FNth a lesser amount produced by CD8" T cells and
almost no contribution from WC%3 T cells (Weynantst al., 1998). Similarly, a study of tH& abortus vaccine
strains S19 and RB51 in cattle showed that thefdéponse triggered was primarily mediated by CD4" rather

than CD8T cells (Dornelest al., 2014).

The aim of the present research was to build upon the limited knowledge olftaimebtese experimental
infection studies performed in sheep and cattle. Since initial worlesteghthat bovine CDE cells play a minor
role in control ofBrucella infection, the present study focused instead on theTR4&ll andyd T cell response to
B. melitensisinfection in goats. The importancey® T cells in Brucellaimmunology is only just beginning to be
understood. In humangy T cells make up only 1 — 5% of circulating lymphocyteis healthy individualsyet there
is evidence that these cells play important roles in contrdiinigella infection (Bertottcet al., 1993 Dornandet
al., 2002 Ni et al., 2012) v6 T cells comprise up to 60% of circulating lymphocytes in young ruming@tzman
et al., 2012 Hein & Mackay, 1991); however, the role of thisger population of yd T cells is relatively unknown.
While thein vivo study inBrucella infected cattle described above indicat@d’ cells play a negligible role in the
IFN-y response (Weynantset al., 1998) bovine yd T cells have been shown to inhibit replication of Brucella in
macrophages followintn vitro infection. This effect was IFNmediated (Skyberget al., 2011). Further studies in

ruminant hosts are necessary to explain this apparent contradiction.

Thus, the objectives of the present study were to evaluate the following mentpof the caprine immune
response over the course of infection with the viruBembelitensis strain 16M or the reduced virulenBe
melitensis strain Rev. 1: (1) basic changes in granulocyte, monocyte, and nobeemncell numbers, (2) changes in
numbers of CD4T cells and WC1y38 T cells, (3) the activation state of T lymphocytes, and (4) the production of

the pro-inflammatory cytokine IFM-and the anti-inflammatory cytokine 1L-10 by CD4and WCZ T cells.

4.2) Materialsand Methods
4.2a) Animalsand Experimental Design
The cell mediated immune responsdtandlitensisinfection was investigated in the same goats utilized

for a pathogenesis study described in chapter 3. Briefly, 15 mixedferaale goats were divided into 4 groups:
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B. melitensis strain 16M-challenged (groups 1 andd®gs 1-5 and 6-9, respectivel\B, melitensis strain Rev. 1-
challenged (group,3loes 10-13), and uninfected controls (groupdbes14-15). This study was carried out over
the course of two years with 5 goats challenged in March 2014 (¢)camd the remaining 10 animals challenged
in January 2015 (groups 2-4). Animals had not been vaccinatedyskwvith anyBrucella vaccines and were
seronegative prior to challenge. After estrus synchronization, animals weralgahseminated. All animals were
initially found to be pregnant by ultrasound examination; howeves 8p@é, and 11 subsequently suffered early
fetal loss, as these goats showed no evidence of abortion and were not pregeenapay. Animals were
transferred to a biosafety level 3 containment facility at least one weekgerperimental challengeAnimals
were group-howed in rooms of adequate size (2-4 goats per room), and all stagesstddigavere conducted with
consideration for animal welfare. Goats were fed a complete pelleted diet asiailizayith nutritional

supplements added in late gestation.

Animals were infected intraconjunctivally at 80 (group 11@@ (groups 2-4) days of gestatiof0(ul of
inoculum per eye). The infection dosasdetermined by serial dilution of the inoculum in saline and starplatel
count, which showed strain 16M and Rev. 1 inocula doses to b&%axd 8 x 10 CFU, respectively. The
experimental procedures were approved by the Institutional Animal @drdse Committee of Colorado State

University.

4.2b) Sample Collection and Processing

Blood samples were collected by jugular venipuncture prior to challenge andirfigilolallenge at days 3,
7,14, 28 (groups 2-4) or 35 (group 1), and at time of parturitidhevery time point approximately 8 ml of blood
wascollected from each goat BD Vacutainer® CPT™ Cell Preparation Tubes with sodium heparin. These tubes
contain a Ficoll cell separation medium and polyester gel barrier, which allasofation of peripheral blood
mononuclear cells (PBMCs) within the tube via a single centrifugation gtepfied PBMCs were either utilized
directly ex vivo for quantification of monocyte and T lymphocyte populations or weitered in the presence of

Brucella antigen for quantification of cytokine production.
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4.2c) Direct Ex Vivo Cell Surface Marker Staining

Numbers of CDAT cells, WCI v5 T cells, and CD14" monocytes were measured immediately after
PBMC isolation. These cell types were identified with monoclonal antibodies agaimst@b# (clone 44.3, AbD
Serotec, Raleigh, NC, USA), bovine WC1 (clone CC15 AbD Serotec),.andrhCD14 ¢lone TUK4, AbD
Serotec). Antibodies were conjugated with Alexa Fluor 647, fluoresceindsgéimate (FITC), and R-
phycoerythrin (RPE), respectivelyn addition, PBMCs obtained from group 1 goats were screened frassiqn
of the CD25 marker on T lymphocytes using anti-bovine CD25-RREB€ IL-A111, AbD Serotec). A mouse IgG1l
antibody was used as an isotype-matched control for CD25. Tri-¢aloing was performed on PBMCs of goats
from all groups; however, the staining protocol differed between graumgl Hroups 2-4. PBMCs from group 1
goats were subjected to a 20 min incubation with CD4 and WC1 antibodiese €ells were subsequently split
among 3 wells and stained with CD25, CD25 isotype control, 04C[ZInce the CD25 marker was not
investigated in PBMCs from groups 2-4, a single-step multi-color stpprimtocol could be followed with CD4,
WC1, and CD14 antibodies. Stained cells were sterilized and preserved with 4%npaiddbyde (PFA) until

flow cytometry was performed.

4.2d) Cell Cultureand Antigenic Stimulation

PBMCs were cultured in complete RPMI 1640 media for 72 hours &,3%% CQ. Cells from each
animal were aliquoted among 3 wells of a 96-well plate (approximatelyoBcells/well) and cultured in the
presence oBrucella antigen, concanavalin A (ConA) (positive contfslig/ml), or media alone (negative control).
ConA treatment was not included in the analysis of PBMCs from dr@umals. All three culture treatments were
utilized in group 2-4 animalsBrucella antigen was created by y-irradiation (1.4 x 18rads) ofa B. melitensis16M

suspension.

Following 72 hours of incubation, cells were stained with monoclongdaaties in a multi-step process.
Initially, T lymphocytes were stained with CD4 and WC1 antibodies. These cedisulesequently split between
various wells for either further cell surface staining or stainingnfaacellular cytokines. Activation of T
lymphocytes was assessed by CD25 staining after antigenic stimulatiaditioratb directlyex vivo as described

above. Staining for intracellular cytokines was with anti-bovine YHRRPE (clone CC302, AbD Serotec) and anti-
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mouse IL10-RPE (clone JES5-2A5, AbD Serotec) and appropriate isotype controls€rngbil negative control
for IFN-y and rat IgG1 negative control for IL-10). A BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit was
utilized to prepare cells for intracellular staining/hile CD25, IFNy, and IL-10 staining was performed on cells
from group 1 animals, analysis of PBMCs cultured from animaiganps 2-4 was focused on differential

measurement of IFNproduction by CD4" and WCI T lymphocytes.

4.2e) Flow Cytometry Studies

Prior to flow cytometry analysis, stained cells preserved and storeCdan41% paraformaldehyde were
re-suspended, transferred from 96 well plates to polystyrene tubesjnd th phosphate buffered saline (PBS) if
necessary. Absolute cell counts were measured in samples from grpbpsaddition of CountBright™ Absolute
Counting Beads (Molecular Probes, Eugene, OR, USA) prior to anaBamples were rusm a FACSCanto™ II
flow cytometer (BD Biosciences, San Jose, CA, USA) with data acquisittbarelysis performed using
FACSDivd™ (BD Biosciences) and FlowJo software (FlowJo, LLC, Ashland, OR, USA), respectively
Compensation was performed using single-stained sample control idéad.cells were excluded from analysis by
adjustment of voltage and by setting appropriate gates on the side scaftemwand scatter plots. Gating strategies
are shown irFigures 4.1 and4.2. Approximately 10,000 events within the mononuclear cell gate were andtyzed
each sample. Fluorescence expression was calculated by subtracting readtirggsifpdes of unstained cells from
antibody-stained samples. For IFNH.-10, and CD25 expression, isotype control measurements were also
subtracted.Results are presented as either the percent of cells expressing fluorescent&arthmber of cells
expressing fluorescence, as calculated from comparison to CountBright™ Bead quantities. Numbers of monocytes,
granulocytes, and lymphocyte subtypes were compared beBvemtitensis 16M-infected,B. melitensis Rev. 1-
infected, and uninfected goats over the course of infection by thparametric Kruskal-Wallis and Mann-Whitney
tests (GraphPad Prism 6.0, GraphPad Software, USA). The percentpptbéilicing lymphocytes were similarly
compared between experimental groups. Comparison between fmevpas by the Wilcoxon matched-pairs

signed rank test. Significance was defined at p<0.05.
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Figure4.1. Gating strategy utilized in analysis of specific leukocyte populations studaztigix vivo. (A)
Granulocyte, total mononuclear cell, and monocyte populations were identifieddmesied and granularity
characteristics. For quantification of lymphocyte subpopulations, citiszthe mononuclear cell gate were
aralyzed for expression of CD4 and WC1 (B) and CD25 (C). Cdéllsnithe mononuclear cell gate were also
analyzed for CD14 staining (D) as an additional strategy for quantificatimmoécytes. Numbers displayed on the
plots represent frequencies of cell populations from a representative animal. Frexjaeneither a percent of the
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Figure4.2. Gating strategy utilized in analysis of cytokine production by TD4ells and WC1y8 T cells. (A)
A representative plot of cell populations after 72 hours of culture. &dbgate was set around the lymphocyte
population for subsequent analysis. (B) The lymphocyte suligiion was analyzed based on staining for APC
(Alexa Fluor @l7)labeled anti-CD4 and Alexa FludB8 (FITC)-labeled anti-WC1. (C and D) Cbdells and
WC1" cells were each analyzed for PE staining to quantifyfaid IL-10 production.
4.3) Results
4.3a) Changesin Monocyte, Granulocyte, and Total Mononuclear Cell Numbers over the Cour se of Brucella
Infection

Granulocytes and mononuclear cells, which include lymphocytes and a gpoallgation of monocytes,
were gated based on flow cytometric characteristics of size and granulahile ahonocyte gate was created
within the mononuclear cell population, monocytes were also quantifi€Diy staining in order to differentiate
these cells from large, activated lymphocyt€D14" cells were found to make up-QL0% of the total mononuclear
cell population prior to infectiofFigure 4.3). Many goats infected with virule® melitensis 16M showed an
increase in both the percentage of Cbddlls and the absolute number of these cells; however, response to
infection was highly variableChanges in monocyte numbers from pre-infection to dayo28ipfection were

determinedand while goats infected with 16M showed a trend towards an incre&@®14 cells when compared

to Rev. 1-infected and uninfected animals, the difference was ndicgigh(p=0.0914).
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Figure4.3. Changes in CDI4mononuclear cell numbers over the coursB.ahelitensis infection. (A-C)
Mononuclear cells were gated based on size and granularity, and the percestwitltiellthis gate expressing
CD14 determined. Note does 5, 7, and 11 were not pregnant. ¢h@ihge in numbecsells/ul) of CD14"
mononuclear cells between day 0 and day 28 post-infeci@d&termined and compared betw@&melitensis

16M- and Rev. 1-infected goaasid uninfected contralOnly does 6-9 are included in the 16M group of (D) since
absolute numbers of cells were not quantified in the other does withigrdup. CD14 mononuclear cell numbers
at day 28 (corrected for quantities at time zero) were not significantly diffeeémeen infection groups (p=0.0914,
Kruskal-Wallis Test).
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Granulocytes and total mononuclear cells showed a similar increase fydhta@8 post-infection iB.
melitensis 16M-infected goat¢Figure 4.4). The increase in mononuclear cells is most likely due to an increase in
lymphocyte numbers since monocytes were found to make umbalyt 10% of the mononuclear cell population.
While trends over the course of infection were again variable betweenataday 28 post-infection granulocyte
and mononuclear cell numbers were near baseline in uninfected andiRfetdd goats and markedly increased in
16M-infected goats. The difference between 16M- and Rev. 1-infected animalstatistically significant

(p<0.05).
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Figure4.4. Changes in granulocyte (A) and total mononuclear cell (B) numberdhevepurse oB. melitensis
infection. Cell populations were gated based on size and granularity charactefiegoshange in cell numbers
(cells/ul) between day O and day 28 post-infection was determined and compared béwmelitensis 16M- and
Rev. 1-infected goa®nd uninfected controls. Only does 6-9 are included in the 16M gincg absolute numbers
of cells were not quantified in does 1-5 within this gro@anulocyte and total mononuclear cell numbers at day
28 (corrected for quantities at time zero) were significantly diffdsetween infection groups (p<0.05, Kruskal-
Wallis Test) with 16M-infected goats showing greater increases in granuloogt@sosmonuclear cells over the
course of infection than Rev. 1-infected goats (p<0.05, Mann-Whitast).
4.3b) Characterization of Select Lymphocyte Populationsin B. melitensis-I nfected Goats

Further work was performed to characterize the lymphocyte subpopslagigmonsible for the observed
increase in mononuclear cells over the course of infection. Specifically IgBghocytes and WC¥5 T cells
were investigated for both proliferation and functional response. #isaly CD4 lymphocyte numbers directisx
vivo showed a significant increase in these cells at day 28 post-infectiéiVitinfected goats compared to animals
infected with Rev. 1p<0.05,Figure4.5). WCT cells showed a more variable response to infection. While this

cell type was minimally increased in sod@M-infected goats at day 28 over baseline levels, there was no

significant difference between the experimental groups (p=0.3175)
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The change in CD4(D) and WC1 (H) cell numbers (dés/ul) between day 0 and day 28 post-infection was
determined and compared betw@melitensis 16M- and Rev. 1-infected goaasid uninfected controls. CHF
cell numbers (D) at day 28 (corrected for quantities at time zero) werkcsigtly different between infection
groups (p<0.05, Kruskal-Wallis Test) with 16M-infected goats showiegtgr increases in CDZ cells over the
course of infection than Rev. 1-infected goats (p<0.05, Mann-Whitast). There was no significant difference in
numbers of WCIT cells between experimental groups at day 28 (p=0.3175, Kruskal-Wexdiis

In group 1 goats CDO4nd WCI T cells were further studied via flow cytometric methods for determination
of CD25 expression and production of IFNad IL-10. Minimal CD25 staining of mononuclear cells from th&se
melitensis 16M-infected goats was observed regardless of whether analysis was done eirectyor after
stimulation withBrucella antigen. The percent of CD25 staining cells increased from appatety 0.1% to 0.6%

from day O to time of abortion, however, the change was nofisimi (p=0.125Figure 4.6). No change in CD25

expression was observed in one non-pregnant 16M-infected goat.
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Figure 4.6. Percent of mononuclear cells staining positive for CD25 over the cduBsenelitensis 16M infection.

Analysis was performed directgx vivo. The change in CD25 expression from day zero to time of aboragmat
significant (p=0.125, Wilcoxon matched-pairs signed rank test).

IL-10 response was highly variable among goats and was investigateg theoh6M-infected animals of

group 1(Figure4.7). In most animals the percent of both Ca#d WC1 cells producing IL10fell over the first 7

days of infection. By day 14l -10 production had increased in many goats, but levels typically remained below

pre-infection valuesThe rise in IL-10 production at day 14 mirrored a peak in yFIthis time poin{Figure 4.8).
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Figure 4.7. Percent of mononuclear cells producing IL-10 over the courBerodlitensis 16M infection.
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(E) was not pregnant.
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An interesting trend was observed in IFlgroduction among group 1 does. Using IRNproduction by
cells in unstimulated cultures as a baselBreicella antigen stimulation resulted in limited IFNproduction until
day 14, when a response was observed exclusively among W@ibnuclear celléFigure 4.8). From day O to 14,
the percent of WCcells producing IFNrincreased from near 0% to 2-8% in 4 of 5 goats. In all but the non-
pregnant doe, IFN-production fell back to baseline levels after the peak at day 14. Response by CD4™ T cells

appeared negligible.
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Figure 4.8. Percent of mononuclear cells producing lfrNver the course of B. melitensis 16M infection.
Mononuclear cells were either cultured witucella antigen or remained unstimulate@ihe percent of IFN< cells
in the unstimulated cultures were subtracted out from levels in the stimulated ciitarets over the course of
infection are shown separately (A-E) for each goat sampled (No.Reé®) 5 (E) was not pregnant.
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IFN-y production by CD4*and WCZI T cells was further investigated B1 melitensis 16M- and Rev. 1-
infected goats as well as in uninfected controls. Cell culture treatments weegmsoled. In addition ®rucella
antigen stimulation and an unstimulated negative control treatment, cells iveratstd with ConA mitogen. Use
of absolute counting beads allowed for quantification of the numb@bdf and WCZI IFN-y producing cells per ul
of cell culture suspension. In initial work, response by Célls in terms of the percent of cells producing HN-
appeared limitedFigure 4.8); however, since CD4cells are present in much higher numbers than Vélis
(Figure 4.5), the absolute number of IFNproducing CD4" cells may be functionally significant. Analysis of
absolute cell numbers did not reveal this to be the (Fgare 4.9a). CD4 T cells remained poor producers of
IFN-y after Brucella antigen stimulation across infection groups and time points. Whité @itogen was found
to stimulate high levels of IFNproduction by CD4" T cells at pre-infection time poin(gigure 4.9b), infection
with the B. melitensis Rev. 1 strain suppressed this response. After normalization for raiattsay 0, the number
of CD4" IFN-y" cells present after ConA stimulation was significantly less in Révietted goats than ib6M-

infected goats at both day 14 and 28 post-infection (p<0.05).
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Figure4.9. IFN-y production by CD4" T cells inB. melitensis-infected goats. (A) The changenumbers

(cells/ul) of IFN-y producing CD4" cells between day 0 and day 14 post-infection was determinezbenmhred
betweerB. melitensis 16M- and Rev. 1-infected goaasid uninfected controls. IFfproduction by CD4" T cells at
day 14 post-infection (corrected for quantities at time zero) wgasfisantly different between infection groups and
culture treatments (p<0.05, Kruskal-Wallis Test) with Rev. 1-infectatlsgghowing significant suppression of IFN-
v production by CD4 T cells after ConA stimulation compared witBM-infected goats (p<0.05, Mann-Whitney
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Test). (B) The number of IFNpositive CD4" and WC1 T cells followingBrucella antigen, ConA, or media only
stimulation of PBMCs at pre-infection time points.

Brucella melitensis Rev. 1 mediated suppression of IFNroduction was not observed in WCT cells as
was the case in CDZ cells. IFN-y production by WC1* T cells was highly variable among individual goats;
however, similar to the trend observed in group 1 g@taire 4.8), Brucella antigen stimulated WCzells from
16M-infected goats of group 2 showed a spike in lFpteduction at day 14 post-infection (Figure 4.10). This
response, while unique to 16M-infected does, was not statistically significan1 8%). At day 28 post-infection,
however, a significant difference was observed in the number of ftbducing WC1" cells between infection
groups and culture treatments (p<0.05). The trend observed &4 degs reversed by day 28 wihucella antigen
stimulated WC1cells isolated from Rev. l-infected goats showing significantly higivets of IFNy production
than cells from 16M-infected goats (p<0.05Y.C1" cells from uninfected control goats, however, also showed high

levels of IFNy production at day 28 following Brucella antigen stimulation.
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Figure 4.10. IFN-y production by WC1* T cells inB. melitensis-infected goats. The changenimmbers (cells/ul)
of IFN-y producing WC1" cells between day 0 and either day 14 (A) or 28 (B) postiitin was determined and
compared betweeB. melitensis 16M- and Rev. 1-infected goaasid uninfected controls. IF§production by
WCL1' T cells at day 14 post-infection (corrected for quantities at time ze®hat significantly different between
infection groups and culture treatments (p=0.2674, Kruskal-Wallis TasfJay 28 a significant difference between
groups was observed (p<0.05, KrusWa#llis Test) with Rev. 1-infected goats showiagignificant increase in
IFN-y production by WC1™ T cells afteBrucella antigen stimulation compared with 16M-infected goats (p<0.05,
Mann-Whitney Test).
4.4) Discussion
4.4a) Changesin Leukocyte Parameters

The aim of the present study was to characterize the protective immune responségliiteditensis
Rev. 1 inoculation and compare this response to that following infaegttorvirulent B. melitensis 16M so that
specific deficits in the immune respongauminants could be defined. To the author’s knowledge the present
study represents the first application of flow cytometric analysis fdysifiimmune response Brucella-infected
goats. The results of the series of flow cytometry studies conducted indicatestiwatger pro-inflammatory
response is induced in animals infected with 16M than those infectetheiBev. 1 vaccine strain. This response
was characterized by significantly higher numbers of granulocytemanonuclear cells in 16M-infected goats at
day 28 post-infection in comparison with Rev. 1-infected goatsinémease in monocyte numbers from day 0 to
day 28 post-infection was also observed in 16M-infected goats, mbib@cyte numbers remained near baseline
levels in Rev. 1-infected goats. While the difference in monocyte ngrbleéveen infection groups was not
significant (p=0.0914), small sample size increases the risk of altggel. Basic leukocyte parameters have not
previously been investigated in ruminants followBrgicella infection. In human hosts, infection is typically

characterized by leukopenia rather than leukocytosis (@raly, 2005), but humans are incidental hostBrfcella

and likely exhibit an immune response unigue from that of ruminants.

The stronger pro-inflammatory response observed in 16M-infectedmgagtbe induced by higher rates of
replication of 16M compareih Rev. latday 28 post-infection. Tissue burden was evaluated in the tectior
groups but not until parturition occurred at approximately day 55ipfesttion. While tissue burden was higher in
16M-infected goats at this time (results described in chapter 3), it is unknowrepbivation of these strains
compare earlier in infection. Rev. 1 has been shown to persisbfordhths in goats, but tissue load is decreased

by one month post-inoculation (Elberg & Faunce, 19%¥fferential expression of virulence factors by 16M and
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Rev. 1 strains may also explain the stronger inflammatory response digitédM infection. The genetic basis for

the attenuation of the Rev. 1 strain is unknown.

Previousin vitro research oM. abortus andB. suis has shown that the®rucella species can inhibit
apoptosis of murine and human macrophages (Barquero-@alp2007 Grosset al., 2000). Inhibition of
apoptosis has also been demonstratedvo in macrophages from infected cattle and from humans with both acute
and chronic brucellosis (Galdieebal., 200Q Tolomeoet al., 2003). While markers of apoptosis were not
specifically investigated in the present study, inhibition of apoptods blitensis 16M would explain the
increase in monocyte numbers seen in 16M-infected goats at ¢egs2mhfection. Alternatively, the relative
monocytosis may be simply a result of chronic bacterial disease and thecpresgranulomatous lesions, which
are known causes of elevated monocyte counts in ruminants (M@8). Further work should investigate the
monocyte subtypes present in 16M- versus Rev. 1-infected goats. Measucé CD16 expression gives an
indication of the functional status of monocytes (Hustah, 2013). CD14CD16" intermediate monocytes have

the highest inflammatory potential and would be most beneficial in defensst&yairel|a.

Granulocytes were serendipitously studied in the present work, as the PBM&apan method utilized
was supposed to eliminate granulocytes from the recovered cell fracépnin€neutrophils apparently have
different density profiles than those of other species maintaining Within the PBMC fraction. Changes in
granulocyte numbers were highly variable early in infection amongithgil goats, so comparisons between
infection groups was made only at later time points. The neutropenic respsaking fronBrucella-induced
neutrophil killing was not observed in the present study, as has been rectadlynnfoumans (Barquero-Caleb

al., 2015).

The increase in mononuclear numbers at day 28 post-infectide, sidmificantly greater in 16M-infected
goats than Rev. 1-infected animals, is only suggestive of an increasepimdgyte numbers. This change says
nothing of functional response. Since none of the Rev. 1-infecte@laraimorted in the present study in

comparison to an 86% abortion rate among 16M-infected goats (resultstedeserhapter 3), Rev. 1-infected
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goats must be mounting an effective cell-mediated immune response. Thefftieel remainder of the study was
to investigate this cell-mediated response and define functional differegteese lymphocytes in 16M- and
Rev. l-infected goats. While initial leukocyte parameters indicated that 16Meihfacimals display a stronger
pro-inflammatory response at least in terms of expansion of cell populatiomgppdne activity of these cells is
repressedAlternatively, the stronger initial inflammatory response could contributeetpathology observed in
16M-infected goats, and be followed by increased immunosuppression latferciion allowing for persistence of

Brucella.

4.4b) CD4"and WC1" T Céells. Numbersand Function

The response of lymphocytesBomelitensis infection was observed to be highly variable between
individual goats. Several animals utilized in the present study, includingrefieatad control, had evidence of
concurrent infections. Elevated white blood cell counts prior to infectioa alEserved in some animals as well as
abscesses consistent with caseous lymphadenitis. While use of spattibigen-free animals would likely have
decreased variability in the lymphocyte responses observed, concufeetibivs are a realistic finding in animals
naturally infected witiBrucella. Other experimental infection studies performed in ruminants have alamsh
individual animals to display markedly different proliferative and hhsponses to infection with Brucella

(Dorneleset al., 2014 Weynantset al., 1998).

Analysis of lymphocyte numbers showed a clear increase i Téll numbers at day 14 and day 28
post-infection compared to levels at day 0. This effect was ongradxs in 16M-infected goats, however, with
numbers of CD4T cells in Rev. 1-inoculated animals remaining relatively stable over teecotiinfection. It
should be noted that cell numbers were analyzed directlvo in order to identify the cell type responsible for the
observed increase in mononuclear cells. A recent study reported prolifefaB®# T cells in response to
Brucella antigen stimulation i. abortus strain S19 vaccinated cattle (Dornedesl., 2014), however lymphocyte
cell types responding 8. melitensis infection in small ruminants has not previously been repotiedontrast to
the CD4 T cell response, WCH T cells displayed a limited and variable proliferative response to B. melitensis
infection. At days 14 and 28 post-infection neither Rev. 1168d-infected goats showed a significant increase in

WC1" 8 T cell numbers over pre-infection values. This is in sharp contrast to the response observedan hum
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patients.In humans with acute brucellosis circulating yd T cells have been reported to comprise nearly 30% of the
total lymphocyte population, while y3 T cells made up only 4% of the lymphocyte population in healthy controls
(Bertottoet al., 1993). The limited response observed among WEIT cells in the present study was surprising.
While a small study of threBrucella-infected cattle also reported a limited WG# T cell response (Weynantset

al., 1998), other studies in cattle have shown increases in"Wlcell numbers and activation status following

Mycobacterium bovis infection or BCG vaccination (Guzmahal., 2012)

Activation status of T lymphocytes was accessed in the present studgimiag for CD25, the alpha chain
of the IL-2 receptor. Expression of CD25 provides an indicatiomadifgrative capacity without use of radioaativ
thymidine (Caruset al., 1997). Mononuclear cells isolated from f@imelitensis 16M-infected animals showed
limited CD25 staining. While activation status increased over the couirsieation, less than 1% of mononuclear
cells were CD25 Stimulation of cells witlBrucella antigen for 72 hrs did not further increase activation status.
Several studies in human patients have found significant changes in suhB®25 T cells via direcex vivo
measurement (Bertott al., 1993 Skendrost al., 2007). In humans with acuBe melitensis infection, over 25%
of lymphocytes have been reported to express CD25 compared to 3% bbbytgs in healthy controls (Berto&b
al., 1993). A study of patients with chronic brucellosis, however, reported iedse in the percent of lymphocytes
expressing CD25, and the unresponsiveness of these cells to nstimgelation suggests a state of T cell anergy in
chronic brucellosis (Skendset al., 2007). Cellular anergy should be further investigategtimella-infected
ruminants. Although not yet specifically studied in cells isolateeh framinantsBrucella is known to inhibit
expression of MHC molecules, co-stimulatory molecules, and secretibrl@ byhuman dendritic cells, which

can lead to T cell anergy (Billaed al., 2005).

The presence of anergic T lymphocyte8imelitensis-infected goats would explain the limited IFN-
response observed in the present stu@P4" T cells isolated from both 16M- and Rev. 1-infected goats failed to
produce IFNy after stimulation with Brucella antigen. While cells stimulated with ConA were found to produce
IFN-y prior to infection, inoculation of goats with B. melitensis Rev. 1 in particular, completely inhibited this
response at4 and 28 days post-infectiorl.he unresponsiveness of CDR cells to Rev. 1 infection is puzzling

given that these cells are believed to be critical to the protective response elicitedibgtiat While a recent
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study of IFNy production in B. melitensis Rev. 1 vaccinated sheep reports a marked response at day 7 post-
inoculation, response was transient with negligible §Fddtected after 14 days post-inoculation (Perez-Sancleb

al., 2014). Interestingly, although IFNproduction was delayed by one week in sheep infected with virulent B.
melitensis, the IFNy response was stronger and more prolonged in these animals compareditinBevlated
sheep. Thus, a more effective IkNesponse does not seem to be the basis for the protective response eliciteB. by
melitensis Rev. 1 versus virulent strains in small ruminants. To furthewstigete the IFNyresponse, however, the

role of WCI v5 T cells was investigated in the present study.

Large percentages of WC#5 T cells were found to produce IFi-although response was inconsistent
between goats and culture stimulation treatmeAtpeak in IFNy response typically appeared at day 14 post-
infection in WCT cells ofB. melitensis 16M-infected goats, while many of the Rev. 1-inoculated animals had
higher numbers of IFN-producing WC1" cells at day 28 post-infectiond T cells have been associated with the
rapid production of IFNgprior to development of an effective adaptive immune response (Guzmanet al., 2012), but
this does not seem to be the casBrincella-infected goats. The delay in response may be associateBnu|a-
mediated suppression of dendritic cell function. Direct contact with dendriticaediimulation by dendritic cell
produced cytokines, has been shown to be an important ssgnalT cell activity (Guzmaret al., 2012 Ni et al.,
2012. Alternatively, cell culture conditions may have been insufficient to mettisténteraction.In the present
study, IFNy production by WC1" y8 T cells was also found to be highly variable in positive (ConA) and negative
(media only) control culture treatmentShe variability in response may be partially explained by the fact that
several subtypes of WCtells exist, which are differentially activated by pathogen antigensgemisp and cellular
stress signals (Guzmahal., 2012). Despite the variability in response, large percentages of WQlcells were
found to produce IFN-at times during the course of Brucella infection. The functional significance of this activity
remains to be defined, since absolute numbers of V¢@llls remained low in infected animals. When considering
the pro-inflammatory immune response in its entirety, however,Ftlie kesponse by WC1" y3 T cells was the
single component identifiloly the present study to be more active in Rev. 1-inoculated goats over 16k&dnfec

animals, at least at later time points of infection.
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4.5) Conclusions

The cellular immune response to 2 strainB.afelitensis is reported in the present study. Infection of
goats with fully virulentB. melitensis 16M resulted in the development of a pro-inflammatory response
characterized by increased numbers of granulocytes, monocytespgitbytes by day 28 post-infection
compared with pre-infection values. The relative lymphocytosis noted wasised of increases in CD#ut not
WCI'T cell types. This was in contrast to the dramatic expansigh Dicells reported in human patients. In
comparison to 16M-infected goats, granulocyte, monocyte, and lymphaayteers remained at baseline levels
throughout the course of infection with tBemelitensis vaccine strain Rev. 1. Analysis of lymphocyte function
suggested a degree of potential T cell anergy, with low levels of CD2&ssign noted and unresponsiveness of
CD4'T cells to mitogen stimulation post-infection. This absence of agdat4 T cell IFN+ response in
Brucella-infected goats especially those infected with Rev. 1 is puzzling giveRéatl produces a protective
immune response in vaccinated animals. The components of this petesfonse remain undefined. The
present study points to a potential W@ T cell mediated response, with high percentages of y8 T cells found to
produce FN-y at various time points over the course of Brucella infection. Since WC1y38 T cell made up less than
10% of the lymphocyte population in 16M-infected goats and less thar &8 lymphocyte population in Rev. 1-
infected goats, however, absolute numbers of ybducing WC1™ cells were low.Thus, the functional
significance of WC1y3 T cells in Brucella-infected and vaccinated goats must be further investigatied present
study investigated the systemic immune respon8eucella infection. Future work should examine recruitment of
WC1' T cells to sites of infection via application of immunohistochemistry. otilgfh systemic percentages of
WC1'T cells remained low over the courseBrficella infection, large numbers of these cells may be recruited to
lymph nodes and reproductive tissues of infected goats. Thus, m#temsy changes in lymphocyte numbers and

functional activity may be indicative of strong local immune activity.
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CHAPTER 5: CONCLUDING REMARKS

The overarching aim of this dissertation research was the study alttiegpnesis of brucellosis in a
natural ruminant host. A complete understanding of disease pathogenesiss investigation of infection from
both pathogen and host perspectives, as it is the interaction between bacterial iagtens@nd host immune
components that determines the outcome of infection. The present wogkimarily focused on host response.
Two different strains oB. melitensis were utilized and the outcome of infection studied in goats, including clinical
disease, tissue burdens, and sheddingmune response was then investigated in order to determine how

differences in host response to these Bmuacella strains lead to the different disease outcomes observed.

The majority ofBrucella experimental infection studies are performed in mouse models with limitéd wor
conducted in natural ruminant hosts. The expense associated with puremashwusing ruminants is often
prohibitive for this research, especially considering the larger sample simggdeghen using outbred animals.
Small sample sizes are typical when working with large animals, and as a redirggihave a high chance of type
Il error. While statistically significant differences may not always be titeghen working with limited numbers
of research subjects, biologically meaningful data can often still be collectedpddnding the challenges
associated with sample sjfew biosafety level 3 facilities are available to accommodate large animals. Despite
these obstacles, it is essential tBaicella studies are conducted in ruminants given the clear differences in disease
outcome in ruminants and mice. Goats, the natural ho&snadlitensis, are excellent models for study®fucella
infection given their smaller size and shorter gestation period in comptuisattle. Several studies have
previously utilized goats as models farabortus (Anderson et al., 1986Anderson et al., 1986kIzer et al., 2002
Meador & Deyoe, 1986Meador et al., 1989) ar8l melitensis (Edmondset al., 2002 Elzeret al., 2002 Perryet
al., 201Q Phillips et al., 1997 Roopet al., 2001 Chevilleet al., 1996 Olsenet al., 1997)infection. TheB.
melitensis studies previously conducted in goats have focused on developnmenviebfvaccine candidates. In the
present study we demonstrate the relative ease of using goats foofstiuelyathogenesis & melitensis infection.
Once this model was developed in our laboratory, we then utilized goatestigiate the immune response elicited

by B. melitensis.
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Cellular immune response Bryucella infection is rarely studied in natural hosts. Increased availability of
laboratory reagents, such as monoclonal antibodies against ovine and bowimarkets, now allow advanced
immunology studies to be conducted in ruminants.th€ author’s knowledge the present study represents the first
application of flow cytometric analysis for study of immune respongeucella-infected goats.Using this
approach, a fully viruler. melitensis strain was found to trigger a pro-inflammatory response in goats
characterized by increases in granulocytes, monocytes, andTaiMphocytes over the course of infection
Functionally, however, CO4T cells were found to be in a potential anergic state within goats infected with eith
virulent or vaccine strains. This is the first description of potential T celygameruminant hosts, although humans
with chronic brucellosis are known to show similar deficits in T celtfion. The present work is also among the
first to investigate the function of yd T cells in Brucella-infected ruminantén vivo. Potential differences in the
IFN-y response of these innate-like lymphocytes may explain differences in disease outcome betweenrgeatsd
with virulent B. melitensis and the reduced virulen®&: melitensis vaccine strain While further research is
necessary to identify specific immune components responsible fordteefpre response to the melitensis Rev. 1
vaccine and immune deficits allowing persistence of field straiBs wElitensisin goats, the present study provides

proof of concept for a flow cytometric approach to study of imewesponse tBrucella infection in natural hosts.

Use of ruminant hosts for the studyBriucella pathogenesis allows for direct translation of findings made
in the laboratory to application in a field setting. Millions of cattle and small rutsimae infected witiBrucella
worldwide (de Figueiredet al., 2015), and the immense disease burden among livestock psigeffieant threat
to human health. In this dissertation | took a holistic approach &iubg ofBrucella pathogenesis. By studying
brucellosis in ruminants and humans in Mongolia, an endemic disesgsethe range of disease presentations
occurring in a field setting were appreciated, public health dilemmas undgratmbchallenges to disease diagnosis
and control realized. Gaps in knowledge of brucellosis pathogenesis exisetreait educated assessment of the
public health risk posed by certain practices. A poor understandihg pfatective components of an immune
response t®rucella infection hinder development of improved vaccines. In this dissertasaarch, laboratory
studies were designed to address these gaps in knowl€tgs, investigation of tissue burden and distribution of
B. melitensis following experimental infection in goats was not purely a question okatadturiosity but findings

served to inform herders in an endemic disease area. The presgris stedfirst to report isolation @rucella
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from muscle tissue of a ruminant. While reproductive tissues, milkyagidal secretions present the greatest risk
to human healttB. melitensis was isolated from muscle at concentrations similar to that in tissues of the
reticuloendothelial system. This study, thus, points to the potential risk asdauidtdutchering and consumption
of undercooked muscle mednvestigation of levels dB. melitensisin milk of experimentally infected goats,

suggests the potential presence of “super shedders” that pose heightened risk to human consumers.

The research presented in this dissertation builds upon current knowldslgeditensis pathogenesis and
immunology in a natural ruminant host. The work provides a sfrangework from which further comparative
investigations of immune response to virulBninelitensis and the reduced virulen& melitensis vaccine strain,
Rev. 1, can be conducted with the ultimate goal of defining compooéatprotective versus deficient response to

Brucella in a natural host.
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